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ELECTROMAGNET. 



LECTURE T. 

INTRODUCTORY. 

Among the great inventions which have originated in 
the lecture-room in which we are met are two of special 
interest to electricians — the application of gutta-percha 
to the purpose of submarine telegraph cables, and the 
electromagnet. This latter invention was first publicly 
described, from the very platform on which I stand, on 
May 23, 1825, by William Sturgeon, whose paper is to 
be found in the forty-third volume of the Transactions 
of the Society of Arts. For this invention we may right- 
fully claim the very highest place. Electrical engineer- 
ing, the latest and most vigorous offshoot of applied 
science, embraces many branches. The dynamo for 
generating electric currents, the motor for transforming 
their energy back into work, the arc lamp, the electric 
bell, the telephone, the recent electromagnetic machin- 
ery for coal-minings for the separation of ore^ and manj 
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other electro-mechanical contrivances, come within the 
purview of the electrical engineer. In every one of 
these, and in many more of the useful applications of 
electricity, the central organ is an electromagnet. By 
means of this simple and familiar contrivance — an iron 
core surrounded by a copper-wire coil — mechanical ac- 
tions are produced at will, at a distance, under control, 
by the agency of electric currents. These mechanical 
actions are known to vary with the mass, form, and 
quality of the iron core, the quantity and disposition 
of the copper wire wound upon it, the quantity of 
electric current circulating around it, the form, quality, 
and distance of the iron armature upon which it acts. 
But the laws which govern the mechanical action in re- 
lation to these various matters are by no means well 
known, and, indeed, several of them have long been a 
matter of dispute. Gradually, however, that which has 
been vagae and indeterminate becomes clear and pre- 
cise. The laws of the steady circulation of electric cur- 
rents, at one time altogether obscure, were cleared up 
by the discovery of the famous law of Ohm. Their ex- 
tension to the case of rapidly interrupted currents, such 
as are used in telegraphic working, was discovered by 
Helmholtz ; while to Maxwell is due their future exten- 
sion to alternating, or, as they are sometimes called, 
undulatory currents. All this was purely electric work. 
But the law of the electromagnet was still undiscovered; 
the magnetic part of the problem was still buried in 
obscurity. The only exact reasoning about magnetism 
dealt with problems of another kind; it was couched in 
innoruage of a misleading character; for the practical 
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problema connected with the electromagnet it was worse 
than useless. The doctrine of two magnetic fluids dis- 
tributed over the end surfuces of magnets, under the 
Bauction of the greiit names of Coulomb, of PoiBson, 
and of L;ip]ace, had unfortunately become recognized 
as an accepted part of scieuce along with the law of in- 
verse squares, IIow grejitly the progress of electromag- 
iietic science has been impeded and retarded by the 
weight of these great names it is impossible now to 
gauge. We now know that for all purposes, save only 
those whose value lies in the domain of abstract mathe- 
matics, the doctrine of the two magnetic fluids is false 
and misleading. We know that magnetism, so far from 
residing on the end or surface of the magnet, is a prop- 
erty resident throughout the mass; that the interuul, 
not the external, magnetization is the important fact to 
be considered; that the eo-called free mnguetiBm on the 
surface is, as it were, an accidental phenomenon; that 
the magnet is really most highly magnetized at those 
parts where there is least surface magnetization; finally, 
that the doctrine of surface distribution of fluids is ab- 
solntely incompetent to afford a basis of calculation such 
as is required by the electrical engineer. He requires 
rules to enable him not only to predict the lifting power 
of a given electromagnet, but also to guide him in de- 
signing and constructing electromagnets of special forma 
suitable for the various cases that arise in his practice. 
He wants in one place a strong electromagnet to hold 
onto its armature like a limpet to its native rock; in 
another case he desires a magnet having a very long 
piiige of attraction, and wants a rule to guide him to 



10 LECTURES ON THE ELECTROMAGNET. 

the best design; in another he wants a special form 
having the most rapid action attainable; in yet another 
he must sacrifice everything else to attain maximum 
action with minimum weight. Toward the solution of 
such practical problems as these the old theory of mag- 
netism offered not the slightest aid. Its array of math- 
ematical symbols was a mockery. It was as though an 
engineer asking for rules to enable him to design the 
cylinder and piston of an engine were confronted with 
recipes how to estimate the cost of paijiting it. 

Gradually, however, new light dawned. It became 
customary, in spite of the mathematicians, to regard the 
magnetism of a magnet as something that traverses or 
circulates around a definite path, flowing more freely 
through such substances as iron than through other 
relatively noQ-magnetic materials. Analogies between 
the flow of electricity in an electrically conducting cir- 
cuit, and the passage of magnetic lines of force through 
circuits possessing magnetic conductivity, forced them- 
selves upon the minds of experimenters, and compelled 
a mode of thought quite other than that previously ac- 
cepted. So far back as 1821, Cumming^ experimented 
on magnetic conductivity. The idea of a magnetic 
circuit was more or less familiar to Ritchie,^ Sturgeon,^ 
Dove,^ Dub,^ and De La Rive,* the last-named of whom 

» Camb. Phil. Trans., Apr. 2, 1821. 
2 PhU. Mag., series iii., vol. iii., p. 122. 
8 Ann. of Electr., xii., p. 217. 

* Pogg. Ann., xxix., p. 462, 1833. See aiso Pogg. Ann., xliii., p. 517, 1838. 

6 Dub, " Elektromagnetismus " (ed. 1861), p. 401 ; and Pogg. Ann., xc, p. 
440, 1853. 

• De La Rive, "Treatise on Electricity" (Walker's translation), vol. i., p. 
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oxplicitly USPS the phrase, " a closed magnetic circuit." 
Joule' found the maximum power of an electromagnet 
to be proportional to " the least Bectioual area of the en- 
tire magnetic circuit," and he considered the resistance 
to induction as proportional to the length of the mag- 
netic circuit. Indeed, there are to be found scattered 
in Joule's writings on the subject of niagnetiBm, some 
five or sis Bentencea, which, if collected together, consti- 
tute a very full statement of the whole matter. Fara- 
day ' eouBidered that he had proved that e:ich magnetic 
line of force constitutes a closed curve; that the path of 
these closed curves depended on the magnetic conduc- 
tivity of the masses, disposed in proximity; that the 
lines of magnetic force wor« strictly analogous to the 
lines of electric flow in an electric circuit. He spoke of 
a magnet surrounded by air being like unto a voltaic 
battery immersed in water or other electrolyte. He 
even saw the existence of a power, analogous to that of 
electromotive force in electric cii-cuita, though the name, 
" magneto -motive force," is of more recent origin. The 
notion of magnetic conductivity is to be found in Max- 
well's great treatise (vol. ii., p. 51), but is only briefly 
mentiouod. Rowland,' in 18T.9, expressly adopted tlie 
reasoning and language of Faraday's method in the work- 
ing out of some new results on magnetic permeability, 
and pointed out that the flow of magnetic lines of force 

'< Ami. of EUcl.r., Iv., W, 1Sa»; v.. 185, tSJlrautl " Scleutlflc Papers," pp. (i, 

■ "EipsrinienUlReseerclieB," vol, IJi., art. 3117, 3238, 8931). 3260,8271, 32T<i, 
3Sftl, itnil SXh 

a. Mat)., serie- l •'^vl, Aug., 1873. '■ On MaenotLo Permeability 
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through a bar could be subjected to exact calculation; 
the elementary law, he says, " is similar to the law of 
Ohm.'^ According to Rowland, the " magnetizing force 
of helix '' was to be divided by the " resistance to the 
lines of force; '^ a calculation for magnetic circuits 
which every electrician will recognize as precisely Ohm^s 
law for electric circuits. He applied the calculations 
to determine the permeability of certain specimens 
of iron, steel, and nickel. In 1882,^^ and again in 
1883, Mr. R. H. M. Bosanquet" brought out at greater 
length a similar argument, employing the extremely apt 
term " magneto-motive force '^ to connote the force tend- 
ing to drive the magnetic lines of induction through the 
'' magnetic resistance," or, as it will frequently be called 
in these lectures, the magnetic " reluctance," of the cir- 
cuit. In these papers the calculations are reduced to a 
system, and deal not only with the specific properties of 
iron, but with problems arising out of the shape of the 
iron. Bosanquet shows how to calculate the several re- 
sistances (or reluctances) of the separate parts of the 
circuit, and then add them together to obtain the total 
resistance (or reluctance) of the magnetic circuit. 

Prior to this, however, the principle of the magnetic 
circuit had been seized upon by Lord Elphinstone and 
Mr. Vincent, who proposed to apply it in the construc- 
tion of dynamo-electric machines. On two occasions ^^ 

JO Proc. Roy. Soc, xxxlv., p. 445, Dec, 1882. 

" Phil. Mag., series v., vol. xv., p. 205, Mar., 1883, "On Magneto-Motive 
Force." Also tft., vol. xix., Feb., 1885, and Proc. Roy. Sac., No. 223, 1883. 
See also The Electrician (London>, xiv., p. 291, Feb. 14, 1885. 

»2 Proc. Roy. Soc, xxix., p. 292, 1879, and xxx., p. 287, 1880. See Electrical 
Review (London;, viii., p. 134, 1880. 
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they communicated to the Royal Society the results of 
experiments to show that the same exciting current 
Tould evoke a larger amount ol magnetism in a given 
iron structure, if that iron structure formed a closed 
magnetic circuit than if it were otherwise disposed. 

In recent yeurs the notion of the magnetic circuit has 
been vigorously taken up hy the designers of dynamo 
machines, who, Indeed, base the calculation of their de- 
signs upon this all-important principle. Having this, 
they need no laws of inverse squares of distances, no 
magnetic moments, none of the elaborate expressions for 
surface distribution of magnetism, none of the ancient 
paraphernalia of the last century. The simple law of 
the magnetic circuit and a knowledge of the properties 
of iron are practically all they need. Ahout four years 
ago, much was done by Mr. Gisbert Kapp'^and by Drs. 
J. and E, Hopkinson " in the application of these con- 
siderations to the design of dynamo machines, which 
previously had been a matter of empirical practice. To 
this end the formulie of Professor Forbes " for calculat- 
ing magnetic leakage, and the researches of Professors 
Ayrton and Perry'* on magnetic shunts, contributed a 
not unimportant share. As the result of the advances 
made at that time, the subject of dynamo design was 
reduced to an exact scienoe. 

It is the aim and object «f the present course of leo- 



'■ Thr Slatfifl'in (Ijiudon), vi 
IhsI. Civil Eugiiieeia. Ixxilli.. ISH 

sai. 1X80. 

" But. TranK,, 18W, pt, i„ p. 33 
S), 1% SS, 1«8Q. 
'• Jour. Soe. Ttltgr, Exgineerii. 
'* Jimr, Soc. Telegr. Ennliieci-K. 



Xt The Electrician (Londoti), zrili., pp. 
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tures to show how the same considerations which have 
been applied with such great success to the subject of 
the design of dynamo -electric machines may be applied 
to the study of the electromagnet. The theory and 
practice of the design and construction of electromag- 
nets will thus be placed, once for all, upon a rational 
basis. Definite rules will be laid down for the guidance 
of the constructor, directing him as to the proper dimen- 
sions and form of iron to be chosen, and as to the proper 
size and amount of copper wire to be wound upon it in 
order to produce any desired result. 

First, however, a historical account of the invention 
will be given, followed by a number of general consid- 
erations respecting the uses and forms of electromag- 
nets. These will be followed by a discussion of the mag- 
netic properties of iron and steel and other materials; 
some account being added of the methods used for de- 
termining the magnetic permeability of various brands 
of iron at different degrees of saturation. Tabular in- 
formation is given as to the results found by different 
observers. In connection with the magnetic properties 
of iron, the phenomenon of magnetic hysteresis is also 
described and discussed. The principle of the magnetic 
circuit is then discussed with numerical examples, and 
a number of experimental data respecting the perform- 
ance of electromagnets are adduced, in particular those 
bearing upon the tractive power of electromagnets. The 
law of traction between an electromagnet and its arma- 
ture is then laid down, followed by the rules for pre- 
determining the iron cores and copper coils required to 
give any prescribed tractive force. 
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1 comes the extenaioa of the calculatiou of the 
ignetic circuit to those cuses where there is an air-gap 
Detween the poles of the magnet and tlie armature, and 
where, in consequeuce, there ia leakage of the magnetic 
lines from pole to pole. Tlie rules for cMleulating the 
winding of the copper coila ure stated, and the limiting 
relation hetween the magnetizing power of the coil and 
the heating effect of the current in it is explained. After 
this comes a detailed discuasiou of the special yarietiea 
of form that must be given to electromagnets iu order 
to adapt them to special services. Those which are 
designed for maximum traction, for quickest action, for 
longest range, for greatest economy when used in con- 
tinuous daily service, for working in aeries with con- 
stant current, for use iu parallel at constant pressure, 
and those for use with alternate currents are separately 
considered. 

Lastly, some account is given of the various forma of 
electromagnetic mechanism which have arisen in con- 
nection with the invention of the electromagnet. The 
plunger and coil ia specialiy considered as constituting 
a apeciea of electromagnet adapted for a long range of 
motion. Modes of mechanically securing long range for 
electromagnets and of equalizing their pull over the 
range of motion of the armature are also described. 
The analogies between sundry electro-mechanical move- 
ments and the corresponding pieces of ordinary mech- 
anism are traced out. The course ia concluded by a 
ooneideration of the various modes of preventing or 
minimizing the sparks whicli occur in the circuits in 
which electromagnets are used. 



16 LECrrURES ON THE ELECTROMAGNET. 



HISTORICAL SKETCH. 

The effect wliich an electric current, flowing in a wire, 
can exercise upon a neighboring compass needle was dis- 
covered by Oersted in 1820.^"^ This first announcement 
of the possession of magnetic properties by an electric cur- 
rent was followed speedily by the researches of Ampdre,^® 
Arago.^® Davy,2® and by the devices of several other ex- 
perimenters, including De La Rive's ^^ floating battery 
and coil; Schweigger's^^ multiplier, Cumming's^^ gal- 
vanometer, Faraday's ^* apparatus for rotation of a per- 
manent magnet. Marsh's ^^ vibrating pendulum, and 
Barlow's 2® rotating star-wheel. But it was not until 
1825 that the electromagnet was invented. Davy had, 
indeed, in 1821, surrounded with temporary coils of wire 
tlie steel needles upon which he was experimenting, and 
had sliown that the flow of electricity around the coil 
(!ould confer magnetic power upon the steel needles. 
But from this experiment it was a grand step forward 
to tlio discovery that a core of soft iron, surrounded by 
its own appropriate coil of copper, could be made to act 
not only as a powerful magnet, but as a magnet whose 
power could be turned on or off at will, could be aug- 

'' See Thomson's Annals of Philosopht/, Oct., 1820. 

>'• Ann. de Chini. et de Physique, xv., 59 and 170, 18:^0. 

i» lb., XV., 03, 1820. 

»o Vbil. Trans., 1821. 

a» "BibliothfiqueUuiverselle," Mar., 1821. 

'-'2 lb. "' Canib, Phil. Trans., 1821. 

"< Quarterly Journal of Science, Sept., 1821. 

26 Barlow's " Magnetic Attractions,'' second edition, 1823. 

"/6. 
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mented to any desired degree, and could be set into 
action and controlled from a practically unlimited dis- 
tanca 

The electromagnet, in the form which can first claim 
recognition for these qualities, was devised by WOliam 
Stargeonj'^ and is described by him in the paper which 
he contributed to the proceedings of the Society of Arta 
in 1825, accompanying a set of improved apparatus for 
electromagnetic experiments,** The Society of Arts 
rewarded Sturgeon's labors by awarding him the silver 
medal of the society and a premium of 30 guiueas. 
Among this set of apparatus are two electromagnets. 
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preeentuil a [»per Co Iba Boyal Society containing- deecrtp- 
]f a niBgnelo-electric lUiSchlue with longituillaally vooDd 
Ith a commntator coniiEtlnK ot bait discs oT tuetsL For 
some reaaou this paper u-as not admitbnd to (be PhilomplLiait Truntoelioiit; 
heaTtcrward pnntrd It in fnll. n-lthont Blteratioa. In hia vnlumeof "Scieo- 
Uflc Renearoliea," pntiUabt^ by nubscrlptlon in ISSO. From I»13S to IMS iia 
coodncird Che ^rmula iif Etrctrieily. Be hod now mmoved to Uanclunter. 
vhere be Iccturt^ otj electricity at tbe Royal Victoria Oallitry. He died at 
PTeatwlelt, near Manchester. In 18S0, There ia a tablet to his meraoiy in the 
ohnrch at Eirkby Lonsdale, from which town the TUIageoFWhlltinirtonisdiit 
Uuit abwit two miles. A portrait ot Sturgeon in oils, and said to be an ex- 
cellent likeness. Is believed still to be in existence; but all Inqnirles as to its 
vbereabouls bave proved unavailing. At tJie present moment^ bo Far as lain 
Bware, tbe scientillc world Is absolutely without a portrait ot the invenMr ot 
tbe etectromagnet. 
»• Ttom. Society of Arlt, 1SS5, iliil., p. 38 
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[ one of Iiorscshoo shape (Pigs. 1 kiii] 2) and one a straight 
r bar (Fig. 3). It will be seen that the former fignrea 
[ preBent an elect romagnet consisting of a, bent iron rod 
rftboutono fool long and ii half inch in diameter, var- 
L DUhcd over and then nuiled with a Eingle left-handed 
f iplriil of ulout uncovered copper wire of IH tarns. Thia 




coil wiiH found appropriate to the particular buttery 
which Sturgeon preferred, namely, a eingle cell contain- 
ing a spiially enrolled pitir of zinc and copper platea of 
large area (uliout 130 square inches) immersed in acid; 
which w\\, having amall internal resistance, would yield 
A largo quantity of current when connected to a circuit 
of Hmall rosiHtance. The ends of the copper wire were 
brought out fiiJewnys and bent down so ii8 to dip in two 
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deep connecting Pups maried Z and C, fixed npon a 
wooden stand. These ciipa, which were of wood, served 
ae supports to hold up the electromagnet, and having 
mercury in them eerved also to make good electrical 
connection. In Fig. 2 the magnet is seen sideways, 
supporting a bur of iron, y. The circuit wiis completed 
to the battery through a connecting wire, rf, which 
could be lifted out of the 
cup, Z, so breiiking circuit 
when desired, and allowing 
the weight to drop. Stur- 
geon added in his expliinu- 
tory remarks that the poles, 
N and S, of the magnet will 
be reversed if you wrap the 
copper wire about the rod as 
a right-handed screw, instead 
of a left-handed one, or, more 
simply, by reversing the con- 
nections with tlie battery, by 
causing the wire that dips i 

I into the Z cup to dip into the 

I <7 cup, and vies verxa. This electromagnet was capable 

Lof supporting nine pounds when thus excited. 

Fig. 3 shows another nrntngemeut to fit on the same 
tand. This arrangement communicates magnetism to 

. hardened steel burs as soon as they are put in, and ren- 
ders soft iron within it magnetic during the time of 
action; it only differs from Figs. 1 and 2 in being 
straight, and thereby allows the eteel or iron bare to alida 
in and out. 
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For this piece of apparatus and other adjuncts accom- 
panying it, all of which are descrihed in the Society's 
Transactions for 1825, Sturgeon, as already stated, 
was awarded the society's silver medal and a premium 
of 30 guineas. The apparatus was deposited in the 
museum of the society, wliich tlierefore might be sup- 
posed to be the proud possessor of tlie first electromag- 
net ever constructed. Alas ! for the vanity of human 
affairs, the society's museum of apparatus has long been 
dispersed, tliis priceless relic having been either made 
over to the now defunct Patent-office Museum or other- 
wise lost sight of. 

Sturgeon's first electromngnot, the core of which 
weigluMi about seven outic(>K, was able to sustain a load 
of nine pounds, or al)()ut W times its own weight. At 
the time it was considc^red a truly remarkable perform- 
anee. Its siiigh^ iay(^r of stout copper wire was well 
adapte<i to the liatlcry (employed, a single cell of Stur- 
geon's own parti(Mihir conKtiMu^tioM having a surface of 
IWO square inches, and thcn^fon* of Hmnll internal resist- 
ance. HuhHetjUcntly, in the hands of tJoule, the same 
electronuign(d HUHtuincd a loud of ;>() pounds, or about 
114 times its own weight. Writing in 181)2 about his 
apparatus of IH2/), Hturp.oon uhimI th(» following magnil- 
oquent languagn: 

"When MrHt I hIiow«m| Mint Hm niiiKcneHo enorfi^ies of a 
(j^alvanle condui'lhiK wji't* mo nmri* I'nnMplcuouHly exhibited 
by exerelHln^ (hem on ii\A\ Iron Ihim on hard steel, my ex 
perhnents W(M*e Ijnilleil (<» huimII nrnMitoM Ken<*riilly to a few 
inches of rod Iron about half iin Ineli hi dliuneler. Some of 
those pieces wore uni[)loytM| while Mtralglit, and others were 
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bent into the form of a horseshoe magnet, each piece befug 
compassed by a spiral coniliiptiir of copper wire. The mag- 
netic- ener^es developed by these simple arrangements are 
of a very liistingnisheii and esalted character, as is conspic- 
tiously manifested by the suspension of a conalderable 
weight at the poles during the period of excitation by the 
electric influence. 

"An unparalleled tranailiency of magfuetic action is also 
displayed in soft iron by an instantaneous transition from 
a mate of total inactivity to that of vigorous polarity, and 
also by a simultaneouB reciprocity of polarity in the ex- 
tremities of the bar— versatilities in this branch of physics 
for the display of which soft iron ia pre-eminently qualified, 
and which, by the agency of electricity, become denionstra^ 
ble with the celerity of thought, and illustrated by experi- 
ments the most splendid in magnetics. It is, moreover, 
abundantly manifested by ample esperiraenta, that gal- 
vanic electricity exercises a superlative degree of excitation 
on the latent magnetism of soft iron, and calls for ita recon- 
dite powers witli afitonishing promptitude, to an intensity 
of action far surpassing anything which can be accom- 
plished by any known application of the most vigorous per- 
manent magnet, or by any other mode of experimenting 
hitherto discovered. It has l>een observed, however, by 
experimenting on different pieces selected from various 
sources, that, notwithstanding the greatest c«re be observed 
in preparing them of a uniform figure and dimensions, there 
appears a considerable dHTprence in the susceptibility which 
they individually posaess of developing the magnet powers, 
much of whicli depends upon the manner of treatment at 
the forge, as well as upon the natural character of tbe iron 
itself." 
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'■ The 8U|>«rlative fntenHity of elect rorniuinpta. aDd the 
tmaUHy luid promptitude with which their ener^ee ran he 
I>roiieht into play, are qtialifli^atioiiB adiuiralily adapted for 
tlipir introiluctioii into a variety of Hirangenietits id which 
]>tiwerfui liiim;iti-tis M) etwetitially operate and perform a dis- 
tiiiifuiiihwl jMrt ill tlie production of electroma^etic rota- 
lidnn; whll» tlic v(>r«alilltieB of polarity of which they are 
Minwptlhle are eiiiiii«ntty (iiilculHted to jrive a pleasing di- 
VKNlly 111 tlie eihiliilioti of tliat highly interesting viaas of 
lilit^nomniui, and It^iul Ui tlie iiroiluction of others inimitA' 
l)la hy uny othur uiuuiih.'"" 

Ktitr((<i(in'« further work tiiiring the next three years 
U tfuat (liMuril)oil ill liix own words: 

" It diHW lujt a|i|Miiu' tlint iLny very exteneive experimentB 
V/fru fttlwiiiptml ti} liiiprovd the lifting; iwwer of electromag- 
ili»l«, fniipi tint tliiiit tliivt my Piperimflnta were published in 
Lll« TriinnilvHfWii 'tf l/n- flo>-/rtj/ >tf AtU, etc,, tor 1S25, tiU 
Uw lal-tiT jMirl of iwih, Mr. Watldns, philosophical instm- 
liiuiili ninltnr, ('liiirliiit CriwH, liiiil, however, made them of 
lllMull lii.rifi'r *l«ii tliiiii liny wlitcli 1 liiui employed, bat 1 am 
litil awiii'ii til wliiii iiiiKiil Ik- iiiirxiit'il (he experiment. 

"Ill Hio yi\y iH'Jh, |'i'<.r...M..i' Mull, «r Utre<'bl, bein^rona 
VUII <•! |,iiiiili<ii. |i<irrli.ii..M| -r Mr. Wiitkfiisim clet^troinag- 

itiil wi*luli|iiKiili..iii iIvk I iiilH-iitthul time, I believe, the 

liiriii**! wIiIkIi liml liiioi Ii>, It wtiM of round iron, about 

mill lr|i>li 111 <llitiM><li<r, mid riirhixhi'd with a single ropper 
Wlrx Imliilnil Miiiiiil II Nil iluinii, When this magnet was ex- 
iilliiiil by n liirti" Kulviinli' Miirfiuii'. it xnpiiorted about 75 
piiiiiiilN |'nifH«»iir Mollttfli'i'wanl propiLn-dimntherelectro- 

.' .. r... f I ,:,,. r .it. r.. ., n... I .] .if ~iii.<.>pMI<llll,v wlilcb Itfre- 
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niagnet, which, when bent, wa^ 12^ inches hii^h, 3i incbea 
in difliiieter, and weigheMl about SB pounds, prepared, like 
the former, with a single spiral ootiduetiiig wire. With an 
acting galvanic surface of 11 square Teet, this magnet would 
SDpi>ort 154 pounds, but would not lift an anvil which 
weighed 200 pouude. 

"The largBst electromagnet which I liave yet [1883] ex- 
hibited in my lectures weighs about 1(1 pounds. It isfunued 
of a small bar of soft iron, 1^ inches across each aide ; the 
cross-piece which joins the poles is from the same rod of 
iron, and about 3J inches Iouk. Twenty separate strands 
of copper wire, eaah strand R.bout 50 feet in length, are 
coiled around the iron, one aliove another, from pole to 
pole, and Gex)arat«d from each other by intervening cases 
of silk: the first coil is only the thicl^neBB of one ply of silk 
from the iron; the twentieth, or outermost, about half an 
inch from iti By this means the wires are completely in- 
sulated from each other without the trouble of covering 
them with thread or varnish. The ends of wire project 
about two feet for the convenienee of connection. With 
one of my small cylindrical bjitteries, exposing about 150 
square inches of total surface, this electiximagnet supports 
4(X) pounds. I have tried it with a larger battery, but its 
energies do not seem to be so materially exalted aa might 
have been expected by increasing the extent of galvauio 
surface. Much depends ui>on a proper acid solution ; good 
nitric or nitrous acid, with about sis or eight times its quan- 
tity of water, answers very well. With a new battery of 
the above diiuensione and a strong solution of salt and 
water, at a temperature of 190 degrees Fahr., the electro- 
magnet supported between 70 and 80 poun<ls when the first 
17 coils only were in the circuit. With the three exterior 
coils alone in the circuit, it would just support the lifter or 
cross-piece. When the temperature of the solution was be- 
tween 40 and GO d^rees, the magnetic force excited was 
_ aomparati^-ely very feeble. With the innermost coil alone 
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I lUiil a HtTtitift ai'id Bolntion this electromagnet supports 
fthixit HH) pi)iiiids.i with the Tour nut«ruiiwt wires aboat 260 
pouitdH. It improves in power with every additioual coil 
until iiliaut the twelfth, but not perceptibly any further; 
tiierefiini the reiiinitiing eight coiJa appear to be useless, 
AlthniiKh the last three, indepeudeutly of the ituieriuoBt IT, 
Mid at the distance of half an inch from the iron, produce 
Iti it II tiftlntc power of TG poundti. 

" Mr. Alarnh htui fitted up a bar of iron much lar^r than 
mine with n nlnillor ilistribntjon of the conducting wires to 
that devilled and no snccessfully employed by Profesaor 
Henry. Mr. Marsh's electromagnet will support about 500 
[Hiuiidn whim excited by a galvanic battery aluiilar to mine. 
ThcMi two, I believe, ore the most powerful electromagnets 
ftit produciMl 111 tills country. 

"A Htiiall clcctromagnpt, which 1 also employ on the lec- 
ture table, and the manner of Its suepenBion, is represented 
by Viif. H, Plutji VI. Tlie magnet is of cyliiidric rod iron 
and wi>lKhN four minces; its poles are about a quarter of an 
Inch ftonnder, It Is furnished with six coils of wire in the 
muiiK inniineriiM the large el m'troniagnet before described, 
nnil will 'iiiitHirt upward nt !U) pounds. 

" I thid i> trliititfiilar gin very convenient for the suspen- 
kI'iii of MiK riittgijet In these ci peri men ts. A stage of thin 
ti'iard, Hupporllng two wdihIcii dlshns, Is fastened, at a 
prii|ii>r Imlirlit, to two of tlm logs of the gin. Mercury is 
(ilncml In tlifMi v<'hh>Im, iiiiil Ihe dejwndent amalgamated 
Mlrenilllivi nl Um iinidncttiig winw dip Into it— one into 
nach purl Ion. 

" Tim Vi'MfUnrn Hiiniclciitl;' wide to admit of considerable 
mi>tliiii iif llit>wlrt« III llic mercury w I tJiiint interrupting 
til" cnnliicl, wlilnli lnniMiielliiie* imi'IvhIoiiciI liy the swinging 
Uf Ihii miitfnol mill nltiched wclirht Tlio circuit ia com- 

plulod l>v olIxT wlrcH. which i iih'I tli« battery with these 

I isirlloii" of iiicrciiiy, Wiien theWt-lKhl Is supported 
M In lllu Ilgnre, It nii Intcrrtiptlnn Iw made by removing 
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jther o( the connecting wiree, the weight inBtantaneouRly 

iH on the table. The large luaftiiet I suspend in the 

e way on a larger gin; tbe weights which it supports 

e placed one after another on it »^tiare board, su^tpcinded 

is or a cord at each corner from a hook in the eross- 

tdeoe, which joins the poles or the magnet. 

" With a new battery and a solution of salt and water, at 




A, temperature of 190 degrees Fahr.. the suiall electromag- 
r net, Fig. 3, Plate VI., supports Id pounds." (See Fig. 4.) 

In 1840, after Sturgeon had removed to Mancliester, 
tohere he aasumed the management of the " Victoria 
Hallery of Practical Science," he continued his work, 
pd in the seventh memoir in his series of researches he 
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" The electroinafcnet belonging? to thus institution is made 
of a cylindrical bar of soft iron, bent into the form of a 
horsoHhoo magnet, having the two branches parallel to each 
other and at the distance of 4.5 inches. The diameter of the 
iron is 2.75 inches; it is 18 inches long when bent. It is sur- 
round <m1 by 14 coils of copi)er wire, seven on each branch. 
The wire which constitutes the coils is one-twelfth of an 
incth in diameter, and in each coil there are about 70 feet 
of wire. They are united in the usual way with branch 
wires, for the purpose of conducting the currents from the 
battery. The magnet was made by Mr. Nesbit. . . . The 
greatest weight sustained by the magnet in these experi- 
ments is 12f hundred-weight, or 1,386 pounds, which was 
acc<)mj)lished by 16 pairs of plates, in four groups of four 
I)airH in series each. The lifting power by 19 pairs in series 
wfis considerably less than by 10 pairs in series ; and but 
very little greater than that given by 6ne cell or one pair 
only. This is somewhat remarkable, and shows how easily 
we may be led to waste the magnetic powers of batteries by 
an injudicious arrangement of its elements."'*^ 

At the date of Sturgeon^'s work the laws governing 
the flow of electric currents in wires were still obscure. 
Ohm's epoch-making enunciation of the law of the elec- 
tric circuit appeared in Poggendorff^s Annaleri in the 
very year of Sturgeon's discovery, 185^5, though his 
complete book appeared only in 1827, and his work, 
translated by Dr. Francis into English, only appeared 
(in Taylor's "Scientific Memoirs," vol. ii.) in 1841. 
Without the guidance of Ohm's law it was not strange 
tliut even the most able experimenters should not un- 
derstand the relations between battery and circuit which 
would give them the best effects. Tliese had to be 

«i Sturgeoirs "Scientific Kesearches,'' p. 188. 
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found by tlie painful method of trial and failure, Fr&- 
eminent among those who tried waa Prof. Joseph Henry, 
then of the Albany Inetitiite in New York, later of 
PrinoetoD, N. J,, who sncceudud in effecting un impor- 
tant improvement. In 1828, led on by ii study of the 
"multiplier" {or galvanometer), he proposed to apply 
to electromagnetic apparatus the device of winding 
them with a spiral coil of wire "closely turned on it- 
Belf," the wire being of copper from one-fortieth to one- 
twenty-fifth of an inch in diameter, covered with silk. 
fci 1831 be thus describes " the results of his experi- 



"A roatid pieue of iron, aljout one-quarttr of an inch in 
" imeter, was bent into tlie usual form of a horseshoe, and 
Instead of loosely coiling around it a. few feet of wire, as is 
nsiiallj' described, it was tightly wound with 35 feet of wire 
covered with silk, so as to form about 400 turns; a pair of 
small galvanie plates, which could be dipped into a tumbler 
of diluted at:id, was soldered to the ends of the wire and 
the whole mounted on a stand. With these small plates 
the horseshoe became much more powerfully magnetic than 
ftnotber of the same size, and wound in the saute luaiiner, 
by the application of a battery coiuposed of 28 plates of 
copper and sine, each eight Inches square. Another con- 
venient (onu of tliis app-iratUH was contrived by winding 
■I straight bar of iron nine inches loTig with 35 feet of wire 
and supportini; it horiKontally on a small cup of eopi»r 
oontaiuiiig a cylinder of zinc ; when this cup. which s 
the double purpose of a stand and the galvarnc element, 
filled with dilute acid the l)ar l)ecanie a i3<irtable eieu- 
■magnet. These articles were exhibiteil to the inHtitute 
March, I8S9. The idea afterward occurred to me Hint, 

•t Am,n-.ca.t J„ur«nl o/Saiima, . 
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sufficient quantity of galvanism was furnished by the two 
small plates to develop, by means of the coil, a much g^reater 
magnetic power in a larger piece of iron. To test this, a 
cylindrical bar of iron, half an inch in diameter and about 
10 inches long, was bent into the shape of a horseshoe, and 
wound with JJO feet of wire ; with a pair of plates containing 
only 2^ K<iuare inches of zinc it lifted 15 pounds avoirdupois. 
At the same time a very material improvement in the for- 
maticm of the coil suggested itself to me on reading a more 
d(*taihMl iuuM)unt of Professor Schweigger's galvanometer, 
an<l which was also tested with complete success upon the 
Maine horseHlKM^; it consisted in using several strands of 
wire, each covered with silk, instead of one. Agreeably to 
thJM eotiHtrtietion a second wire, of the same length as the 
HrMi, was wotitid over it, and the ends soldered to the zinc 
and copper iti such a manner that the galvanic current 
might eirenlate iti the same direction in both, or in other 
wordw tli/if the two wires might act as one; the effect by 
ihlM iMlditloti was dotibled, as the horseshoe, with the same 
platen before tised, now supported 2S pounds. 

" With a pair of plates four inches by six inches it lifted 
HO pounds or more than 50 times its own weight. 

" Thew« enperlinentM (conclusively proved that a great de- 
veloptnetit of tnagnf^tisni <'ould be effected by a very small 
^iilviiJile element, ami also that the power of the coil was 
Miiiferliilly hiereased by nndtiplying the number of wires 
wMhnni lnerea«Ing the number of each."^^ 

Nol. <'niit(Mjt with theso rcanlts, Professor Henry 
|niMhe»l forwiinl on ilie line he had thus struck out. He 
wiiM keenly deMirouH to ascertain how large a magnetic 
force lie j'onid produce wlien using only currents of 
Huel) M. de;/re(» of stnMlliu^KS as could be transmitted 
Miron^^li the com para tively thin copper wires, such as 

•» " Hclfiilino Writings of Joseph Henry," p. 89. 
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iell-hangerB nae. During the year 1830 he made great 
rogresa in this directiou, as the following extracts show : 

" In order to determine to what extent the coil eould be 
^plied in developing magnetism in Mift irun, and also to 
^ascertain, if possible, the moat proper length of the wires to 
be Qsed, a aeries of exiwrimeats was instituted jointly by 
Dr. Philip Ten Eyck and myself. For this purpose 1,000 
feet (a httle more than one-fifth of a mile) of copper wire 
of the kind called bell wire, . 04.1 of an inch in diameter, 
^^re Btretehed several times across the large r 

"Experiment 1.— A galvanic cu: 
plates of copper and zinc two i 
through the whole length of the « 
galvanometer noted. Froui the m 
tions, the deflection of the needle w 

" Expenmeiit 2.^A current from the same plates was 
passed through half the above length, or 530 feet of wire; 
the deflection in this instance was St degrees. 

" By a reference to a trigonometrical table, it will be seen 

that the natural tangents of 1-5 degrees and 21 degrees are 

very nearly in the ratio of the square roots of 1 and 2, or of 

the relative lengths of the wires in these two experiments. 

" The length of the wire forming the galvanometer may 

was only 8 feet long. 
" fiBperime«( 3.— The galvanometer was now removed, 
] the whole length of the wire attaclied to the ends of 
« of a small soft iron horseshoe, a quart«r of an inch 
•, and wound with about eight feet of copper 
e with a galvanic current from the plates used in expe- 
ots 1 and 3. The magnetism was scarcely observable 
e horseshoe. 

"Experiment 4.^The small plates were removed and a 
tlttery cori™««l of a piece of ;tinu plate four inches by 
unded with cupper, was substituted. 
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When this woh attached Iiuinediately to the ends of the 

eight feet of wire wound round the horseshoe, the weight 

lifted was 4J pounds : wh^n the cutTeiit wus piiSKed through 

, ihe whole leiigth of wire (I,0(!0 feet) it lifted about half an 

" ExperimeiU 5. — The current was passed through half 
the length of wire {530 feet) with the Bonie battery ; it then 
lifted two ounces. 

" Experiment 6. — Two wiree of the same length as in the 
last experiment were used, so as to forni two strands from 
the tina and copper of the battery ; in this c&we the weight 
■ lifted was four ounces. 

" Experiment 7.— The whole length of the wire was at- 
> tached to a small trough ou Mr. Cruiciishanks' plau, con- 
taining 25 double plates, and presenting exactly the same 
extent of zino surface to the action of the acid as the battery 
used In the last experiment. The weight lifted in this ease 
was eight ounces; when the intervening wire was removed 
and the trough attached directly to the ends of the wire 
surrounding the horseshoe, it lifted only seven ounces. . , . 

" It is possible that the different states of the trough with 
respect to dryness may have eierted some influence on this 
remarkable result; but that the effect of a current from a 
trough, if not IncreasiHl, is but slightly diminished in pass- 
ing through a long wire is certain. . . . 

" But be this as it may, the fa«t that the magnetic action 
of a current from a trough is, at least, not sensibly diudn- 
ished by passing through a long wire is directly applicable 
to Mr. Barlow's project of forming an electrouiagnetic tele- 
graph; and it is also of material consequence in the con- 
struotJon of tlie galvanic coil. From these experiments It is 
evident that in forming the eoU we may either use one very 
long wire or several shorter ones, as the circamstanees may 
require; in the Qrat ease, our galvanic combinations must 
oonsist of a number of plates, so as to give 'projectUe force.;' 
in the second it must be fonneil of a single pair. 
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" In order to test on a large scale the truth of these pre- 
liminary results, a bar of soft iron, two inches square ajiil 
20 inches long, was bent into the form of a horseshoe BJ 
inches high. The sharp edges of the bar were first a little 
rounded by the hammer — it weighed 31 pounds; a piee* of 
iron from the name bar, weighing seven jH)unds, whs filed 
perfectly flat on one surface, fur an armature or lifter; the 
extremities of the legs of the horseshoe were also truly 
ground to the surface of the armature ; around this horse- 
Bhoe 540 feet of copper bell wire were wound in nine ooils of 
60 feet each; these cods were not continued around the 
whole length of the bar, but each strand of wire, acuordhig 
to the principle before mentioned, occupied about two 
inches, and was coiled several times backward and forward 
over itself; the several ends oC the wires were left project- 
ing and all numbered, so that the first and last end of each 
strand might be readily distinguished. In this manner we 
formed an ejcperimental magnet on a large scale, with wiiich 
several combinations of wire eonld be made by merely unit- 
ing the different projecting ends. Thus if the second end 
of the first wire be soldered to the first end of the second 
wire, and so on through all the series, the whole will form 
a continuous coil of one long wire. 

" By soldering different ends the whole may be formed in 
a double ooil of half the leugtti, or into a triple coil of one- 
third the length, etc. The horseshoe was suspended in a 
strung rectangular wooden frame, 3 feet B inches high and 
20 inches wide ; an iron bar was fixed below the magnet, so 
as to act as a lever of the second order ; the different weights 
supported were estiuiated by a sliding weight in the same 
manner as with a common steel-yard (see sketi^h). In the 
experiments immediately following (all weights being avolr- 
dnpoisl a small single battery was used, consisting of two 
cimi'Hiilriy cr)pner cylinders with zinc between them; the 
whol H mount of zinc surface exi)osed to the acid from 
sol the zinc wa^ two-flfthe of a. square foot ; the 
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Mtttei7 required otily half a pint of dilute acid Tor its sub- 

■' Experiment 8.^Ea«li wire of the horseshoe \ Koldtred 
e batt«ry in 8U(!cession, one at a time; the iiKnetisiii 
reloped by eacii wok just sufficient to i^upport iim weifrltt 
e aniiiiture, weighiDg seven pounds. 

" ExjierimeiU 9. — Two wires, one on each side of the arch 
of the horseshoe, were attached; the weight lifted was 14S 
pounds. 

" E3^erimeiit 10. — With two wires, one from each extrem- 
ity of the legs, the weight lifted was 300 pound 

".fiScperimew.i 11.— With three wirea, one from each ex- 
tremity of the legs and one from the luiddle of the areh, 
the weight supported was ttOO pounds. 

"Experiment 12. — With four wires, two from each ex- 
tremity, the weight hfted waa 500 ponnds and the armature : 
when the acid was removed from the zinc, the magnet con- 
tinued to support for a few minutes IDO pounds. 

" Experimeiit 13. — With six: wires the weight supported 
wafl 570 pounds; in all these experiments the wires were 
soldered to the galvaalc element; the oonuection in no case 
■was formed with mercury. 

"Experiment 14.— When all the wires (nine in number) 
were attached, the tnaximuvi weight lifted was 6-'iO pounds, 
and this astonishing result, it must be remembered, was 
produced by a battery containing only two-fifths of asquare 
foot of zinc surface, and requiring only huJf a pint of dilute 
acid for its submersion. 

" Experiment 15.— A smaM battery, formed with a plate 
of dno 13 inches long and inches wide, and surrounded by 
copper, was substitutttd for the galvanic elenieiits used in the 
hist experiment : the weight lifted in this ease was 730 poundju 

" Experiment 10. — In order to ascertain the effect of a 
y small galvanic element on this large quantity of irou, 
air of plates exactly one inch square was attached to all 

e wires i the weight lifted was 85 pounds. 



LECTURES ON THE ELECTROMAGNET. 



33 



"The following experiments were iua*!e with wii^'a of rlif- 
rent lengths on the Haiiie liDrseshoB : 
t" "Experiment 17. — With six wires, each 30 feet long, at- 
tched to the galvanic element, the weight lifted was 375 
Brands. 

" Experiment 18. — The &aiue wires used in the last experi- 
ment were united so as to fonu three coils of GD feet each ; 
the weight supported was 2ftO pouiida. Thia result agrees 
nearly with that of experiiiieitt 11, though the i^ine indi- 
vidual wires were not used ; from this it appciire that sis 
short wires are more powerful tliaii three of double the 
length. 

' E.vperim,ent 19. — The wiivs used in experiment 10, but 
united Boas to form a BiUfElei-nil of 120 feet of wire, lifted fiO 
MnndB; while in experiment 10 the weight lifted was 200 
This Is a coufirmatiau of the result in the lost ex- 
^riment, . . . 

"In these experiments a f.iet wus observed wl lit- h aiipears 
somewhat surprising: when the large battery wiL,satt:iclit'd, 
and the armature touching both poles of the uiiifjiiu't, it 
was capable of supporting more than TOOjvounds, but when 
tae pole was in contact it did not support more tliuii 
r six pounds, and in tiiie case we never succeeded in 
laking it lift the aniiatiire (weighing seven pomiils). This 
' 'feet may perhaps be common to all large magnets, but we 
have never seen the circumstance noticed of so great a dif- 
ference between a single pole and both. . . . 

"A series of experimenta was separ.itely institute*! by Pr. 
Ten Eyck, inordertodetenniiie the maxiunim development 
of magnetism in a small quantity of soft iron. 

" Most of the results given in thia paper were witnessed 
by Dr. L. C. Beck, and to thija gentleman we aw iiulebteJ 
!Vera! suggestions, and p.irlii'uliirly tli;it of wiibstifiit- 
{ cotton well waxpii for silk thread, which hi thcM- in- 
gtigations became a very cnusideriible item of expensii. 
He also made a number of e 
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wires, which, being found in commerce already woond, 
might possibly be substituted in pluce of copper. The re- 
sult was that with very short wire the effect was nearly the 
same as with copfier, hut in coils of loug wire with a Btuall 
galvanic element it was act found to answer. Dr. Beck 
also constructed a horseshoe of round iron one inch in 
diameter, with four coils on the plan before described. 
With one wire it lifted 30 pounds, with two wires 60 pounds, 
with three wires 83 pounds, and with four wires 113 pounds. 
While we were eugaged in these in vest ideations, the last 
number of the Edinburgh Journal of Science waa received 
containing Professor MoH'b paper on ' Electro magnetism.^ 
Some of his results are in a degree similar to those here de- 
scribed ; his object, however, was different, it being only to 
induce strong magnetii^m on soft iron with a powerful gal- 
ranio battery. The principal object in these experimenta 
was to produce the greatest magnetic force with the small- 
est quantity of galvanism. The only effect Professor Mo11''b 
paper has bad over these investigations has been to hasten 
their publication ; the principle on whidi they were insti- 
tuted was known to us nearly two years since, and at that 
time exhibited to the Albany Institute,"" 

In tho next nnmber of ^lUiman'a Jniiniti/ {April, 
1831) Professor Henry ga've "an Bccount of ii large elec- 
tromagnet made for tho laboratory of Yale College." 
The core of the armature weighed 59i pounds; it was 
forged under Henry's own direction, and wound by Dr. 
Ten Eyck. This magnet, wound with 26 strands of 
copper1)eU wire of a total length of 728 feet, and excited 
by two cells which, exposed neiirly ij square feet of sur- 
face, readily supported on its armature, which weighed 
23 pounds, a load of 3,063 potimis. 

" "Scienliflc Writings of Joai-pliHiTirj-," p. 4B, 
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f apeakB^'* thas of liia ideas roepec-tiiig the use of ndJi- 
I tional coils on the mdgtiet and the iuurease of buttery 
■ power: 

" To teflt these principles on a lai^pr scale the eiperimen- 
■ -t&l ma^el was M)ii8trucled, whioli i» idiowu in Fi|^. S. la 
a number of coiiipounil helices were placed on the same 
I htu", their ends left projecting, and do numbered that they 
could all be united into one long helix, 
or variously combined in Bets of leatner 
length, 

" From a seriee of experiments with 
this and other lua^rnets, it was proved 
that in order to prc>dnce the greatest 
amount of uia^etism from a battery 
of a Bing-le cup a number of helices is 
required ; but when a compound bat- 
tery is used then one long wire must 
be employed, making tunny tnnis 
around the iron, the length of wire, 
and consequently the iiuniWr of turns, being coniineneu- 
rate with the projectile iH)wer of the battery. 

" In describing the results of my experiments, the terms 

'intensity' and 'quantity' magnets were intiodiieed to 

avoid circumlocution, and were uitended to lie ueetl merely 

in a technical aense. By the inteui«it y magnet 1 deiiigiiated 

a piece of soft iron, ho snm>Dnde<l with wire that its mag 

netic power could be called into operation by an intensity 

b battery ; and by a quantity magnet, a piece of iron so sur- 

I. Tonnded by a number of separate coils that its uiagnetlsm 

f could be fully developed by a quantity battery. 

s the first to point out this connection of the two 
Lfcindsof the battery with the two forms of the magnet, in 




_ ■• statement la trlaiioa to the hUtnrj-of thai 
V EromUieBiultlisoiiiau Auniukl Beport for INS?. |i. 



eftrmnaeni^lic lelegtaifll, 
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niy paper, in Bi/liinan'a Joiirftal, Janaaxy, 1831, and clearly 
to stale that when niagiietiaui was to be developed by 
means of a eoiiipoiuid battery one ioiig coil must be em- 
ployed, and when the uiaximiuu effect was to be produced 
by a single battery a ntiinbei- of single strands should be 
nsed. . . . Neither the electromagnet of Stni^on nor any 
electromagnet ever made previons to my investigations 
J applicable to transuiittine power to a ilistanee. . . . 
le elect roiiiagiiet made by Sturgeon and copied by Dana, 
if New York, was an imperfect quantity magnet, the feeble 
(ower of which was developed hy a single battery." 



f Findly, Henry*' 



up bis own position as fol- 



" 1. Previous to my investig-ations the means of develop- 
j magnetism in soft iron were imperfectly understood, 
i the electromagnet which then existed was inapplicable 
^transmissions of imwer to a distance. 

!. I was the first to prove hy actual experiment that in 
r to develop magnetic power at a distances galvanie 
battery of 'intensitj'' must bo employed to project the cur- 
rent through the long coriduetor, and that a magnet siir- 
munded by many turns of one long wire must be used to 
e this current, 

I was the first to actually magnetise a piece of iron at 
^istance, and to call attention to the fact of the applica- 
lllty of my experiments to the telegraph. 
,4. I was the first to actually sound a bell at a distance 

IS of the electromagnet. 
'"5. The principles I hiul developed were applied by Dr. 
e to render Morse's machine efTective at a distance." 



■ Thongh Henry's researches were publislied in 1831, 



nrt 1 KCTt'KKi^ ON THE KLEOTROMAONET. 

Mh\v woro for sonio yoars almost unknown in Europe. 
Tntil April, ls:^T, whon llonry himself visited Wheat- 
Mtotio Hi liiN lalumUorv at King's College, the latter did 
not know 1h»w to const ruot an electromagnet that could 
ho worktui through a long win* eironit. Cooke, who 
hnciunt^ the ctmHjutor of Wheatstone, hiul originally 
<'oino to liiin to consult him/'* in Fehrnarv, 1837, about 
hin t.iOcgrnph and alarum, the electromagnets of which, 
Ihon^'.h lht»y worktul well on short circuits, refused to 
work when placed in tMrcuii with even a single mile of 
wire. \VlHMilHlt»n(»*H t»Nvn account^* of the matter is 
exlremely explicit : " IJelving on n\y former experience, 
I ill. once told Mr. (N)oke iliat his plan would not and 
conlil not lie! an a telej;raplK because sut^icient attractive 
power cnnld not Im» imparted to an electromagnet inter- 
poiieil in a lon^' eii'cnit ; and, to convince him of the 
li'ulli of lliiM iiriMertion. I iuNilcd hin\ to King's College 
In nee llin repel ii inn of \\u\ cNperimcnts on which my 
roni-lnMJnn wiim funnijed. He came, and after seeing a 
VHilelyor \o||iili' nuienetfj, N\ l»icl» t»\cn with powerful 
hiilh'ijeii esjiiliilnd only nii^dtt ad))csi\c traction, he 
cH pii-MKi'd lili* dliMip|iolnlnienl." 

Ariii lli'ni^'M \|.i|| III \\ lieatfitont*, tl\e latter altered 
lilH lune Me Jhtil heeii U'^lnfi, ^r^r/»* ♦/fM/MV//.r, rchiv cir- 
cullti hi wnijt Hie ejetl i nniMji net M of luM alarutu in a 
hliort ciicuil Willi li ImiiiI hill ten *' 'Diese short cir- 
cnith/' he wrileit, " h.n e Im>*I iieiiih nil their importance 



""Him* Mr l<<illiiiti I 'liii l> II tti I iiiMil til I'luiltf III \\\\ \\\\ of Jour. Soc. 

uu W. |i' ('•miIh*. '"rill- I'll I Mil- li li i-i>i|ili< W •!•• H hni'iihil liy Cntf. Whent- 
HtoiH-r" IMWl hi. purl II , |i »^i 
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and are scarcely worth contending about since mj/ rfi.t- 
covery" (the italics are our own) "that electromagnets 
may be bo coDstructud as to produce the required effects 
by means of the direct cnrrent, even in very long cir- 
cuits. "* 

We pass on to the reeatrchee of the diatingiaiBhed 
bphisicistof Manchester, whose decease we have lately 
I had to deplore, Mr. James Prescott Joule, who, fired by 
L the work of Sturgeon, made most valuable contributions 
[. to the subject. Most of these were published either in 
f'fitnrgeon's Annnls of EUctriritij, or in the Proceedings 
Oflhe Literary and Philosophical Society of Manchester, 
but their most accessible form is the republished vol- 
ume issued five years ago by the Physical Society of 
London. 

In his earliest investigations he was endeavorijig to 
I'Vork out the details of an electric motor. The follow- 
,ing ia an extract from hia own account ("Reprint of 
Scientific Papers," p. 7): 

'" lo the further prosecntiaii of my inquiries, I toolt sii 
pieces of round bar iron of difTerent diaiiieters and lengths, 
also a hollow cylinder, one-thirteeuth of an inch thick in 
tbe metal. These were bent in the U-fonn, 80 that the 
shortest distance between the poles of each was half an 
inch; each was then wound with 10 feet of covered copjier 
wire, one-fortieth of an inch in diameter. Their attractive 
powers under like currents for a straig'ht steel magnet, I^ 
inches long, suspended horizontally to the beam of a bal- 
ance, were. at. the distance of half an inch, as follows: (See 
table on page 41).) 

"A sreel an attraptive r«iwer of 23 grains, 

while its li ■ not greater than liO oiineea. 
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" The alwve results will not appear surprising if we 
consider, first, the resistance which iron presenta to the 
indiii-lioii of ma^netiaiu, and, second, how very much the 
induction is exalted by the coupletion of the magnetic 

"Nothing can be more striking than the difference be- 
tween the ratios of lifting to attractive power at a distance 
in the different niagnets. Wliile the steel magnet attracts 
with a force of 23 grains and lifts tiO ounces, the electromaK- 
net No. 3 attracts with a force of only 5. 1 grains, but lifts 
ax much as 93 ounces. 

" To niake a good electromagnet for lifting purposes . Ist. 
ItM iron, if of consideralile bulk, should be compound, ot 
good quality, and well annealed. 3d. The bulk of the iron 
should bear a much greater ratio to its length than is gen- 
erally the case. 3d. The poles should be ground quite true, 
and fit fiatly and accurately to the armature. 4th. The 
armature should be equal in thicknesj to the iron of the 
inagnet. 

" In studying what form of electromagnet is best for at- 
traction from a distance, two things must be considered, 
viz., the length of the iron and its sectional area. 

" Now I have always found it disadvantageous to Increase 
the length beyond what is needful for the winding of the 
covered wire," 

These results were announced in March, 1839. In 
May of the same yeiir lie propounded a law of the mutual 
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attraction of two electromagneta as follows: "The at- 
tractive force of two elect romHgiiete for one another is 
directly proportional to the Bquure of the electric ioree 
to which the iron is exposed; or if E denote the elec- 
tric current. If" the length of wire, and 3/ the magnetic 
attraction, ^f^E^W^." The discrepancies which he 
himeeLf observed he rightly attributed to the iron be- 
coming saturated magueticallj In March, 1840, he ex- 




tended this same law to the lifting power of the horse- 
shoe electromagnet. 

In August, 18i0, he wrote to iha Annals of Electricity 
on electromagnetic forces, dealing chiefly with some 
special electromagnets for traction. One of these pos- 
sessed the form shown in Fig, 7. Both the magnet and 
the iron keeper were furnished with eyo-holes for the 
purpose of suspension and meiisurement of the force 
requisite to detach the keeper. Joule thus writes abont 
the experiments:'" 

I now •" -' ibe my electromagnets, which I 
of ' lisea in oriler to dovelup any 
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curious circumstance which tniffht present iteelt. A piece 
of cyltDdrioal wrought iron, eight inches long, had a hole 
one inch in diameter bored the whole length of its axis, 
one side was planed until tlie hole was exposed sufficiently 
to separate the thus formed poles one-third of an inch. 
Another piece of iron, also eight inches long, was then 
planed, and, being secured with its face iu contact with the 
other planed surface, the whole was turned into & cylind^ 
eight inches long, 8| inches in exterior, and one inch interior 
diFuneter. The larger piece wae then covered with calico 
and wound with four copper wires ci;)vered with silk, each 
23 feet long and one-eleventh of an inch hi diameter — a. 
qnantity just sufficient to hide the exterior surface, and to 
nil the interior opened hole. . . . The above iB designated 
No. 1 ; and the rest are numbered in tlie order of their de- 
scription. 

" I made No. 2 of a bar of half-Inch round iron 2.7 inohes 
long. It was bent into an almost seniioireular shape and 
then covered with seven feet of insulated copper wire ^ inch 
thick. The ptiles are half an inch asunder, and the wire 
completely fllla the space between them. 

"A third electromagnet was made of a piece of iron 0.7 
inch long, 0.87 inch broad, and 0.15 inch tliick. Its edges 
were reduced to such an estejit that the transverse section 
■was elhptieal. It was bent into a semicircular shape, and 
vound with 19 inches of silked copper wire ^ inch in diam- 
eter. 

" To procure a still more extensive variety, I constructed 
what might, from itfi extreme minuteness, be termed an ele- 
mentary electromagnet It is the smallest, I believe, eVM 
made, consisting of a hit of iron wire i inch long and Jj inch 
in diameter. It was bent into the shape of a semicircle, 
and was wound with three turns of uniiwulated copper vire 
^ inch in thickness." 



With these magnets experiments were made with vari- 
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ona strengths of currents, the tractive forces being 
meiiaured by an iirmngement at levers. The resnlts, 
briefly, are as follows: ElectromiiguBt No. 1, the iron 
of which weighed ]5 pounds, required a weight of a,090 
pounds to detach the keeper. No. 2, the iron of which 
weighed 1,057 grains, required 49 pounds to detach its 
armature. No. 3, the iron of which weighed 6S,3 grains, 
supported a load of Vi ponnds, or l,28ti times its own 
weight. No. 4, the weight of which was only half a 
grain, carried in one instance 1,41 7 grains, or 9,834 times 
its own weight. 

" It required muish patience to work with an arrangement 
so minute as this last; and It ii^ probable that I might nlti- 
mutely have obtainei] a larger flpire than the above, which, 
however, eihibits a power proiJortioned to its weight tar 
greater than any on record, and is eleven times that of the 
celebrated steel magnet which, belonged to Sir Isaac New- 

" It is well known that a st«el magnet ought to have a 
TOTich greater length than breadth or thickness; and Mr. 
Score^by haa found tiiat when a large number of straight 
steel magnets are bundled together, the power of each when 
separated and ezauiined is grea.tly deteriorated. All this is 
easily understood, and finds its cause in the attempt of each 
part of the system to induce upon the other part a contrary 
magnetism to its own. Still there is no reason why the 
principle should in all cases be extended from the steel to 
the electri)niagnet., einc« in the latter case a great and com- 
manding inductive power is brought int« play to sustain 
what the former has to support by its own unassisted re- 
tentive property. All the preceding experiments support 
this position; and the following table gives proof of the 
obvious and necessary general consequence : the iiiaximuui 
lipower of the electromagnet is directly proportional to its 
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IkmhI IriiiiNVprHf* HiN'tioiial urea. The second column of the 
liihlf I'lMiliiiiiH tlirl<>4iHt Keotional area in square inches of 
I III* <'iil In* lllll^;lll»t i(* circuit. The maximum power in pounds 
mvm|i'i|ii|m>In In rcc(»nlc(l in the third; and this, reduced to 
MM liM'h hi|Uiirc of Hcctional area, is given in the fourth col- 
iniin under (he title of HpeeiHe iM>wer. 

Tahi.k I. 



|i|i.iuiiiriiiiN. 



I No I 

Irfv ii'-M i>Ii'I'Imiimm|'Iii<(m ; V •I 

I No. I 

^1 I (' fJfihll M I.iMip.lli ii'IiimI tli<' curve, 8 
h it , iIImiih I<-i nf iiMiirnro, *y•^^ idrlics : Hi'('ti(»iiali 

(tI'M. 't I IihImxi ; i|ii itf III IIIMllll'O, I..') iiu*li<'s;| 
■' ' h'lil mT |( MM mImmiI nH |mmiii(|m, I 

t'inl fli'iin >i l«i'iii'i|i iiMind iliiMMii'vi>.'.*Oiti(*h('H:| 
Ml f Huh, '^ Mil liKti ui|iiMi'i> : mIimi'P i'iI^cm louiuled 
'•M , •.• I l|i|il . ■>! iiiiiiihIu 

^1 I'.htii' 'ih'MMt IhIikiI I.imu'Mi ritiiiHl tlienirve, 
mIi'iiiI I Iiiiii , iIImmm'Iim* nj[ Hii> iniiiiil bar, )^ inch 
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Tlin iihove n\{ini|ileH lire, 1 thiiik, sufficient to prove the 
Mil" I liiiVM /iilvniieMJ. No. I WHS probably not fully satu- 
riib'il. oiluM'wlMe I liMVo nodoiibi tluit its power jjer square 
Ihrli wouhl lifivp nppi'o/H'bed :MM). Also the specific power 
of No 1 JM Miiifill, IxM'MUHf* of the (liniculty of makingagood 
K^pMlfiiefii Willi M." 



TlieMM etij»erinie?il,M vrre followed by somo to ascertain 
llie elTeei. of Ihe len^Mh nf llu^ Iron of tlio magnet, which 
lie eoMMiilereil, iil, leiisl. in llu^se cjiseH where the degree 
(»r imi^riM.l.i/iiljnii is eoiiHldernbly below tlie point of 
H.'iliirjiljon. lo olTer a decidedly |)r()|)orti()niil resistance 
l-o niMtrneli/nlion; m view IIk^ justice of which is now^ 
after bi) years, amply conlirnicMJ. 
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In November of the same yeur further experiments ** 
in the same direction were published. A tube of iron, 
spiraUy made and welded, was prepared, planed down 
as in the preceding case, and fitted to a simihirlj pre- 
pared armature. The hollow cylinder thus formed, 
shown in Fig. 8, was two feet in length. Its external 
diameter was 1,42 inches, its internal being 0,5 inch. 
The least sectional area was 10^ square inches. The 
exciting coil consisted of a single copper rod, covered 
with tape, bent into a sort of S-shape. This was later 
replaced by a coil of 21 copper wires, each ^^ inch in 
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diameter and 33 feet long, bound -together by cotton 
tripe. This magnet, excited by a battery of IG of Stur- 
geon's cast-iron cells, each one foot square aud one and 
a half inches in interior width, arranged in a series of 
four, gave a lifting power of 2,775 pounds. 

Joule's work was well worthy of the master from 
whom he had learned his first lesson in electroniagnet- 
isrn. He showed his devotion not only by writing de- 
scriptions of them for Sturgeon's Ainitiln, but by exhib- 
iting two of his electromagnets at the Victoria Gallery 
I Practiciil Science, of which Sturgeon was director. 

ihers, stiniuliitcil into activity by Joule's example, pro- 
, among them being two Manchester 

ISO/ £(.<■(, 
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gentlemen, Mr. Kadford and Mr, Bichurd Roberts, the 
latter being » well-known engineer and inventor. Mr. 
Radford'a electromagnet consisted 
of a flat iron disc with deep spiral 
grooves cut in its face, in which 
were laid the insulated copper wires. 
The armature consisted of a plain 
iron disc of similar size. This form 
IS described in Vol. I V. of Sturgeon's 



^r^m 



.^^ ^1 



Mr, Roberts' form of electro- 
magnet consisted of a rectangular 

Fio K-BuBEHTa i-LEc ij.(m block, having straight parallel 
grooves cut across its face, as in Fig, 

!). This was described in Vol, VI, of Sturgeon's An- 

iiah, page l(i(i. Its face was (J| inches square and 

its thickness 3j\ inches. It 

weighed, with the conducting 

wire, !)5 pounds; and the arm- 
ature, of the same size and 

\\ inches thick, weighed 33 

pounds. The load sustained 

by this magnet was no less I 

than 2,950 pounds. Roberts 

inferred that a magnet if made 

of equal thickness, but five 

feet square, would sustain 100 ^° '" ~'^^l^°^ " 

tons' weight. Some of Roberts' 

apparatus is still preserved in the Museum of Peel 

Park, Manchester, 
On page 431 of the same volume of the Annals Joule 
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described yet another form of electromagnet, the form 
of which resembled in geneml Fig. JO, but which, in 
actual fact, was built up of 24 separute flat pieces of iron 
bolted to a circiiliir brass ring, Tho armuture was a 
similar structure, but not wound with wire. The iron 
of the magnet weighed seven pounds and that of the 
armature 4.55 pounds. Tlie weight lifted was 2,710 
pounds when excited by 10 of Sturgeon's cast-iron cells. 

In a subsequent paper on the calorific eflecta of mag- 
neto-electricity," published in 1843, Joule described 
another form of electromagnet of horseshoe shape, made 
from a pieee of boiler-plate. This was not intended to 
give great lifting power, and was used as the field mag- 
net of a motor. In 185a another powerful electromag- 
net of horseshoe form, Bomewliat similar to the preced- 
ing, was constructed by Joule for experiment. lie came 
to the conclusion*^ that, owing to magnetic saturation 
setting in, it was improbable that any force of electric 
current could give a magnetic attraction greater than 
200 pounds per square inch. " That is, the greatest 
weight which could be lifted by an electromagnet formed 
of a bar of iron one inch square, bent into a semicircu- 
lar shape, would not exceed 400 pounds," 

With the researches of Joule may be said to end the 
first stage of development. The notion of the magnetic 
circuit which had thus guided Joule's work did not 
commend itself at tliat time to the professoi-s of physi- 
cal theories; and the practical men, the telegraph en- 
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^ini'iTH, were for the most part content to work by 
|Min'ly finpiric.'il inothodH. Hctwccn the practical man 
iitnl the t}M*or('ti(^uI nnm there was, at least on this topic, 
H i;rcMt ^iilf fixed. The theoretical man, argning ms 
though riin^neiiHin cotiHiHted in a surface distribution of 
polfiritv.and hh though the laws of electromagnets were 
like tlioH(^ of Htc(*l nnign(ttH, laid down rules not applica- 
h|p \i} the (MiHCH whi(di occur in practice, and which 
hindered rather than h(dj)ed i)rogress. The practical 
man, fifidini^ no hel}) from theory^ threw it on one side 
fiH ininieadin^r and useleHH. It is true that a few work- 
(TH rrnide (•nreful ohHervatioiis and formulated into rules 
the reHulfH of their investigations. Among these, the 
prineipal Avero Hitcdiie, Rohinson, Miiller, Dub, Von 
Koike, and I )u Moneel ; but their work was little known 
b<\ynnd tlie pagers of the scientific journals wherein their 
reHiiIlH were described. Some of these results will be 
exaniincul in my later lectures, but they cannot be dis- 
euHHed in ibis liistorical resumr, which is accordingly 
closed. 

(JKNEUALTTIKH COKOKKNING ELECTROMAGNETS. 

Maforinls. — In any complete treatise on the electro- 
magnet it would bo needful to enumerate and to discuss 
in detail tlio several constructive features of the ap- 
l)aratu8. Three classes of material enter into its con- 
struction : first, tlie iron wliich constitutes the material 
of the m[ignetic circuit, including the armature as well 
as tlie cores on which the coils are wound, and the yoke 
tliut connects tluun; secondly, the copper which is em- 
ployed as the material to conduct the electric cuiw 
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rents, and which is iiaiially in the form of wire; thirdly, 
the inanlating material employed to prevent the copper 
coils from coming into contact with one another, or 
with the iron core. There ia ji further subject for <3is- 
cnssion in the bobbins, formeTs, or frames upon which 
the coils are in so many cases wound, and which may in 
some cases bo made in metal, but often are not. The 
engineering of the electromagnet might well furnish 
matter for a special chapter. 



It is difficult to devise u satisfactory or exhaustive 
classification of the varied forms which the electromag- 
net has assumed, but it ia at least possible to enumerate 
some of the typical forms. 

1. Bar Elect row aijnet. — This consists of a single 
straight core (whether solid, tubular, or laminated), sur- 
rounded by a coil. Fig, 3 depicted Sturgeon's earliest 
example. 

2, HurseshoB Electromagnet, — There are two snb-types 
included in this name. The original electromagnet of 
Sturgeon {Fig. I) really resembled a horseshoe in form, 
being constructed of a single piece of round wrought 
iron, about half an inch in diameter and nearly a 
foot long, bent into an arch. In recent years the other 
sub-type has prevailed, consisting, as shown in Fig. 11, 
of two separate iron cores, usually out from a circular 
rod. fixed into a third piece of wrought iron, the yoke. 
Occasionally this form ia mocUlied by the use of one coil 
only, the a" "B being left uncovered. This form 
hiK ) the name of aimaitt bjiieux. Its 
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merits will be considered Ititer. Sometimes a single ooil 
is wound upuu the yoke, the two limbs being uncovered. 




3. Iron-clad Eleclromagnef. — This form, which has 

muny times been re-invonted, differs from the simple 

_ b n g t ill having an iron shell 

cas g external to the coils and 
t lied to the core at one end. 

Su 1 am guet presents, as de- 

1 t 1 F g, 12, a central pole at 
o e d surrounded by an outer 

1 J ole of the opposite polar- 

ty lie t propria te armature for 

elect on agnets of this type is a cir- 

cul r d 8C or lid of iron. 

F fb 4 Co land-Plunger. — A- de- 

*" t cl ed o core is attracted into 

a hollow coil, or solenoid, of copper wire, when a cur- 




LECTURES ON THE ELECTROMAGSBT. 31 

rent of electricity flows round the latter. This is a 
spsciftl form, and will receive extended conBideration. 

5. Special Forms. — Besides the leading forms enumer- 
ated above, there are a niimber of special types, multi- 
polar, spiral, and others designed for particular pur- 
posee. There is also a group of forma interinodiLite 
between the ordinary electromagnet and the coit-und- 
pl anger form. 



It i3 a familiar fact that the polarity of an electro- 
magnet depends upon the sense in which the current 
is Bowing around it. Various rules for remembering 
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the relation of the electric flow and the magnetic force 
have been given. One of them that is useful is that 
when one is looking at the north pole of an electromag- 
_^get. 4 be flowing around that pole in the 

in which the hands of a clock are 
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seen to revolve. Another useful rule, suggested by Max- 
well, is illustrated by Fig. 13, namely, that the sense of 
the circulation of tlie current (whether right or left 
handed) and the positive direction of the resulting mag- 
netic force are related together in the same way as the 
rotation and the travel of a right-handed screw are as- 
sociated together. Right-handed rotation of the screw 
is associated with forward travel. Right-handed circu- 
lation of a current is associated with a magnetic force 
tending to produce north polarity at the forward end 
of the core. 

USES IN GENERAL. 

As a piece of mechanism an electromagnet may be 
regarded as an apparatus for producing a mechanical 
action at a place distant from the operator who controls 
it, the means of communication from the operator to 
the distant point where the electromagnet is being the 
electric wire. The uses of electromagnets may, how- 
ever, be divided into two main divisions. For certain 
purposes an electromagnet is required merely for ob- 
taining temporary adhesion or lifting power. It at- 
taches itself to an armature and cannot be detached so 
long as the exciting current is maintained, except by 
the application of a superior opposing pull. The force 
which an electromagnet thus exerts upon an armature 
of iron, with which it is in direct contact, is always con- 
siderably greater than the force with which it can act 
on an armature at some distance away, and the two 
cases must be carefully distinguished. Traction of an 
armature in contact and attraction of an armature at % 
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distance are two different functions. So different, in- 
deed, thiit it ia no exaggeration to say that an electro- 
magnet designed for tbe one purpose is unfitted for the 
other. The qnestion of deaigning electromagnets for 
either of these purposes will occupy a. large part of 
these lectures. The action which an electromagnet ex- 
ercises on an armature in its neighborhood may be of 
several kintia. If the armature is of soft iron, placed 
nearly parallel to the polar surfaces, the action ia one 
simply of attraction, producing a motion of pure trans- 
lation, irrespective of the polarity of the magnet. If 
the armature lies oblique to the lines ot the poles there 
will be a tendency to turn it round, as well as to attract 
it; but, again, if the armature is of soft iron the action 
ivill be independent of the polarity of the magnet, that 
is to say, independent of the direction of the exciting 
current. If, however, the armature be itself a magnet 
of steel permanently magnetized, then the direction in 
which it tends to turn, and the amount, or even the 
sigu of th« force with which it is attracted, will depend 
on the polarity of the electromagnet; that is toaay, will 
depend on the direction in which the exciting current 
circulates. Hence there arises a difference between the 
operation of a non-polarlzf^d and that of apolnrized ap- 
paratus, the latter term being applied to those forma in 
which there is emjiloyed a portion — say an armature — 
to which an initial fixed miignetination has been im- 
parted. Non-polarized apparatus ia in all caeea inde- 
pendent of the direction of the current. Another class 
of uses served by electromagnets is the production of 
mid vibrations. These are employed in the mechaiL- 
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ism of electric trembling bells, in the automatic breaks 
of induction coils, in electrically driven tuning-forks 
such as are em])loyed for chronographic purposes, and 
in tlie instruments used in harmonic telegraphy. Spe- 
cial constructions of electromagnets are appropriate to 
S2)ecial purposes such as these. The adaptation of elec- 
tromagnets for the special end of responding to rapidly 
alternating currents is a closely kindred matter. Lastly, 
tliero are certain apj)lications of the electromagnet, no- 
tably in the construction of some forms of arc lamp, for 
which it is specially sought to obtain an equal, or ap- 
j)roximately equal, pull over a definite range of motioD. 
Til is use necessitates special designs. 

THE PROPERTIES OF IRON. 

A knowledge of the magnetic properties of iron of 
dilTerent kinds is absolutely fundamental to the theory 
and design of electromagnets. No excuse is therefore 
necessary for treating this matter with some fullness. 
In all modern treatises on magnetism the usual terms 
are defined and explained. Magnetism, which jwras 
formerly treated of as though it were something distrib- 
uted over the end surfaces of magnets, is now known 
to be a phenomenon of internal structure; and the ap 
propriate mode of considering it is to treat the mag- 
netic materials, iron and the like, as being capable of 
acting as good conductors of the magnetic lines; in 
other words, as possessing magnetic ])e7'?neabiHty. The 
precise notion now attached to this word is that of a 
numerical coefficient. Suppose a magnetic force — due, 
let us say, to the circulation of an electric current in a 
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surrotmiiing coil — were to act on a space occupied by 
air: there would result a certain uiimber of maguetic 
lines in that space. In luct, the intensity of the niag 
netic force, symbolized by the letter Hi ia often ex- 
preesed by aajiug that it would produce H magnetic 
lines per square centimetre in air. Now, owing to the 
superior magnetie power of iroti, if the space subjected 
to this magnetic force were filled with iron instead of 
air, there would be produced a larger nnmber of mag- 
netic lines per square centimetre. This larger number 
in the iron expresses the degree of magnetization in the 
iron; it is symbolized" by fclie letter B. The ratio of 
B and H expresses the permeability of the material. 
The usual symbol for permeability ia the Greek letter /<. 
So we may eay that B is equal to /i times H. For ex- 
ample, a certain specimen of iron when subjected to a 
magnetic force capable of creating, in air, 60 magnetic 
Hnes to the square centimetre, was found to be permo- 
1 by no fewer than 16,063 magnetie lines per square 

loning are [be various waya uT eiipi'etiiiltiK tba Uinw qiutuUtltja 
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centimetre. Dividing tlie latter figure by the former 
gives as the value of the permeability at this stage of 
the magnetization 321, or the permeability of the iron 
is 321 times that of air. The permeability of such non- 
magnetic materials as silk, cotton, and other insulators, 
also of brass, copper, and all the non-magnetic metals, is 
taken as 1, being practically the same as that of the air. 
This mode of expressing the fact is, however, compli- 
cated by the fact of the tendency in all kinds of iron to 
magnetic saturation. In all kinds of iron the magneti- 
zability of the material becomes diminished as the actual 
magnetization is pushed further. In other words, when 
a piece of iron has been magnetized up to a certain 
degree it becomes, from that degree onward, less perme- 
able to further magnetization, and though actual satu- 
ration is never reached, there is a practical limit beyond 
which the magnetization cannot well be pushed. Joule 
was one of the first to establish this tendency toward 
magnetic saturation. Modern researches have shown 
numerically how the permeability diminishes as the 
magnetization is pushed to higher stages. The practi- 
cal limit of the magnetization, B, in good wrought iron 
is about 20,000 magnetic lines to the square centimetre, 
or about 125,000 lines to the square inch; and in cast 
iron the practical saturation limit is nearly 12,000 lines 
per square centimetre, or about 70,000 lines per square 
inch. In designing electromagnets, before calculations 
can be made as to the size of a piece of iron required 
for the core of a magnet for any particular purpose, it 
is necessary to know the magnetic properties of that 
piece of iron; for it is obvious that if the iron be of in- 
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ferior magiietiu permeability, a liirger piece of it will be 
required in order to produce the same magnetic effect 
as might be produced with a emaller piece of higher 
permeability. Or, again, the piece having inferior per- 
meability will require to have more copper wire wound 
on it; for in order to bring up its magnetization to the 
required point, it must be subjected to higher magnetiz- 
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ing forces than would be necesaary if a piece of higher 
permeability had been soleeted. 

A convenient mode of studying the magnetic facts 
respecting any particular brand of iron is to plot on a 
diagram the curve of magnetization — i. e., the curve in 

hich the values, plotted horizontally, represent the 

magnetic force H,and the vahiea plotted vertical ly those 

that correspond to the respective magnetization B* In 

14, which ia modified from the rcseiirches of Prof. 
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Ewing, are given five curves relating to soft iron, 
hardened iron, anneal(>d steel, hard drawn steel, and 
glass- hard steel. It will he noticed that all these curveH 
have the same general form. For small values of H the 
values of B are small, and as H is increased B increases 
also. Further, the curve rises very suddenly, at least 
with all the softer sorts of iron, and then bends over and 
beciomes nearly horizontal. When the magnetization 
is ill the stage below the bend of the curve, the iron is 
said to be far from the state of saturation. But when 
the magnetization has been pushed beyond the bend of 
the curve, the iron is said to be in the stage approach- 
ing saturation; because at this stage of magnetization 
it rerjuires a large increase in the magnetizing force to 
produce even a very small increase in the magnetization. 
It will be noted that for soft wrought iron the stage of 
approaching saturation sets in when B has attained the 
value of about 1(3,000 lines per square centimetre, or 
when H has been raised to the value of about 50. As 
we sliall see, it is not economical to i)ush B beyond this 
limit; or, in other words, it does not jmy to use stronger 
magnetic forces than those of about H = 50. 

METHODS OF MEASUKING PERMEABILITY. 

There are four sorts of experimental methods of 
measuring permeability. 

1 . Mafjnetovietric Methods, — These are due to MiiUer, 
and consist in surrounding a bar of the iron in question 
by a magnetizing coil and observing the deflection its 
magnetization })roduce8 in a magnetometer. 

2. Jialance Methods, — These methods are a variety of 



lecthbEs on the electromagnet. 



55 



the preceding, a compenavting magnet being employed 
to balance the effect produced by the magTietized iron 
on the magnetometvic needle. Von FeilitzBch nsed this 
method, and it hna received a more definite applica- 
tion in the magnetic balance of Prof. Hughes. The 
actuiil balance is exhibited to-night upon the table, and 
I hjive beside me a large number of obsprvations made 
by students of the Finabury Technical College by ita 
menns upon sundry samples of iron and steel. None 
of these methods are, hoTerer, to be comjwred with 
those that follow. 

3. Inductive Mdhoda.—T^h^TB are several varieties of 
Jieae, but all depend on the generation of a transient 
l-jnduction current in an exploring coil which sui-rouuds 
the specimen of iron, the integral current being propor- 
tional to tho number of magnetic lines introduced into, 
or withdniwn from, the circuit of the exploring coil. 
Three varieties may be mentioned. 

{A) Ring Method. — In this method, due to Kirch- 
hoff, the iron under examination is made up into a ring, 
which is wound with a primary or exciting coil and 
ti a secondary or exploring coil. Determiniitioua on 
^is plan have been made by Stowletow. Rowland, Bosan- 
qaet, and Ewing; also by Hopkinson. Rowland's ar- 
rangement of the experiment is shown in Fig. 15 in 
which i? is the exciting battery; .S', the switch for tum- 
u or reversing the current ; R, an adjustable reeist- 
A, an anipt^remeter; and }i f? the ballistic galva- 
Biomoter, tho first swing of which measures the integral 
^dueed current. It C'ls an earth inductor or reversing 
lerewith to culibrat' -adings of tlie saLvj.- 
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nometer; and above is an arrangement of a coil and a 
magnet to assist in bringing the swinging needle to rest 
between the observations. The exciting coil and the 
exploring coil are both wound upon the ring: the former 
is distinguished by being drawn with a thicker line. 
The usual mode of procedure is to begin with a feeble 
exciting current, which is suddenly reversed, and then 
reversed back. The current is then increased, reversed 




B 



Fig. 15.— Ring Method of Mbasuuing Permeability (Rowland's Arranqe- 

MENT^ 



and re-reversed; and so on, until the strongest available 
points are reached. The values of the magnetizing 
force H are calculated from the observed value of the 
current by the following rule. If the sti-ength of the 
current, as measured by the amperemeter, be t, the num- 
ber of spires of the exciting coil S and the length, in 
centimetres, of the coil (t. e., the mean circumference of 
the ring) be /, then H is given by the formula: 

4r Si Si 

H = -jQ- X -;- = 1.2566 X -J- 
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;, applj'ing this method to a, nnmber of iron 
rings, obtained some important results. 

In Fig. 10 are plotted out the values of H and B for 
seven rings. One of these, marked J, was of cast steel, 
and was exam.ined both when soft and afterwiird when 
hardened. Another, marlced /, was of tiie best Lowmoor 
iron. Five were of Crown iron, of different sizes. They 
were marked for distinction with the letters G, E, F, II, 
K. In the accompanying table are set down the values ' 
of B at different stages of thu mugnetizatiou. 
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I have the means here of illustrating the induction 
method of measuring permeability. Here is an iron 
ring, having a croBS-seetion of almost exactly one square 
centimetre. It is wound with an exciting coil supplied 
with current hy two aceumultitor cells ; over it is also 
wound an exploring coil of 100 turns connected in cir- 
cuit (us in Rowlimd's arrangement) with a ballistic gal- 
vanometer which reflects a spot of light upon yonder 
fiureen. In the circuit of the galvanometer is also in- 
i reversing earth coil. As a matter of fact this 
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ojirth coil is of puch ji size, and wound with so many 
convolutions of wire, that when it is turned over the 
amount of ruttin*; of magnetic lines is equal to 840,000, 
or is the same as if 840,000 magnetic lines had been cut 
once. lU' adjusting the resistance of the galvanometer 
circuit, it is arranged that tlie first swing due to the 
induced current when I suddenly turn over the earth 
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FiQ. 16.— Bosanquet's Data of Magnetic Propekties op Ihon and Stebl 

Rings. 

coil is 8.4 scale divisions. Then, seeing that our explor- 
ing coil has 100 turns, it follows that when in our sub- 
sequent experiment with the ring we get an induced 
current from it, each division of the scale over which 
the spot swings will mean 1,000 lines in the iron. I 
turn on my exciting current. See: it swings about 11 
divisions. On breaking the circuit it swings nearly 11 
divisions the other way. That means that the magnetish 
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ing force carries the magnetization of the iron up to 
11,000 lines; or, as the cross-section is about one square 
centimetre, B = 11,000. Now, how much is H ? The 
exciting coil h;ta 180 windings, and the exciting current 
through the ampi^remeter is just one ampere. The 
total excitation is just 180 " ampere turns." We must, 
accordiug to our rule given above, multiply this by 
1,3566 and divide by the mean circumferential lengtli of 
the coil, which is about 32 centimetres. This mjikoa H 
= 7. So if B — 11,000 and H = 7, the permeability 
(which is the ratio of them) is about 1,670. It is a rough 
and husty esperiment, but it illustrates the method. 

Boeanquet's experiments settled the debated question 
whether the outer layers of an iron core shield the inner 
layers from the influence of ma.gnetizing forces. Were 
this the case, the rings made from thin bar irou should 
exhibit higher values of B than do the thicker rings. 
This ie not so; for the thickest ring, G, shows through- 

t the highest magnetizations. 

{B) Bar Method. — This method consists in employing 

long bar of iron instead of a ring. It is covered from 
end to end with the exciting coil, bnt the exploring coil 
consists of bnt a few turns of wire situated just over the 
middle part of the bar. Rowland, Bosanquet, and Ewi ug 
have all employed this variety of method; and Ewing 
specially used bars, the length of which was more than 
100 times their diametei', in order to get rid of errors 
arising from end effects. 

(C) Divided Bar Method.— 1'hm method, due to Dr. 
Hopkiuson," is ilhistrated by Fig. 17, 

** mi Traiia., ISte, p. 061, 
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Tlic apparatus consists of a block of unnealed wrought 
iron iiboiit 18 iiii'lics Ion);. Gi wide, and 3 deep, oat of 
the middle of which is cut u rectangular space to re- 
ceive the magiietiKing coils. 

'I'll!' tost siunplca of iron confist of two rods, each 
I2.i'.."> millimi'tres in diameter, tnnied carefully true, 
wliii-h slide ill tlirough holes boR'd in the ends of the iron 
blocks. These two rods meet in the middle, their ends 
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being faced true so as to make a good contact. One of 
them is secured firmly, and the other htia a handle fixed 
to it, by means of which it can be withdrawn. The two 
large magnetizing coils do not meet, a space being left 
between them. Into thig space is introduced the little 
exploring coil, wound upon an ivory bobbin, through 
the eye of which passes the end of the movable rod. 
The exploring coil is connected to the ballistic galva- 
nometer, // G, and is attached to an india-rubber spring 
(not shown in the figure), which, when the rod is sud- 
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dimly pulled back, causes it to leap entirely out of tlie 
magnetic field. The exploring coil had 350 turns of 
fiue wire; the two magnetizing coils had 2,008 effective 
turns. The magnetizing current, generated by a bat- 
tery, B, of eight Grove cells, was regulated by a variable 
liquid resistance, B, and by a shunt resistance. A re- 
versing switch and an ampt^remeter. A, were included 
in the magnetizing circuit. By meaus of this apparatus 
the sample rods to be experimented upon could be sub- 
mitted to any niagnetiaing forces, small or large, and 
the actual magnetic condition could be examined at any 
time by breaking the circuit and simultaneously with- 
drawing the movable rod. This apparatus, therefore, 
permitted the observation separately of a series of in- 
creasing (or decreasing) magnetizations without any in- 
termediate reversals of the entire current. Thirty-five 
samples of various irons of known chemical composition 
were examined by Hopkinson, the two most important 
for present purposes being an annealed wrought iron 
and a gniy cast iron, such as are used by Messrs. Mather 
and Piatt in the construction of dynamo machines. 
Uopkinson embodied his results in curves, from which 
it is possible to construct, for purpoBes of reference, 
numerical tables of sufficient accuracy to serve for future 
calcnlations. The curves of these two samples of iron 
are reproduced in Fig. 18, but with one simple modifica- 
tion. British engineers, who unfortunately are con- 
demned by local circumstances to use inch measures 
instead of the international metric system, prefer to 
Imve the magnetic facts also stated in terms of aquiire 
inch units instead of square centimetre units. TUia 
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change has been made in Fig. 18, and the Bymbols B, 
iind H, lire chosen to indicate the numbers of magnetic 
lines to the sqwiire inch in iron and In uir respectively. 
The permeability or multiplying power of the iron is 
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FlO. IB.— OdBVES of MlQNKTiaATION or IROK. 

the Bame, of course, in either measure. In Table II. 
are given the corresponding data in square inch meas- 
ure, and in Table III. the data in square centimetre 
measure for the same specimens of iron. 

Tablb II. (SquarelnchUnllB.) 
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It will be noted that IIopkinson'B carves are double, 
there being one curve for the ascending magnetizations 
and a separate one, a little above the former, for de- 
scending magnetizutions. This is a point of a, little im- 
portance in deaigiiiug electromagnets. Iron, and par- 
ticularly bard sorts of iron, and steel, after having been 
subjected to a high degree of magnetizing force and 
subsequently to a lesser magnetizing force, are found to 
retain a higher degree of magnetization than if the lower 
magnetizing force had been aim ply applied. For exam- 
ple, reference to Fig. 18 shows that the wrought iron, 
where subjected to a magnetizing force gradually rising 
from zero to H, — 200, exhibits a magnetiziitioii of B, 
= 95,000; but after H„ hiis been carried up to over 
1,000 and thou reduced again to aoO, B, does not come 
I dgwn again to 95,000, but only to 98,000. Any sample 
hM^^n which showed gr&it roteutive 'luulities, or in 
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which the descending curve differs widely from the as- 
cending curve, would be unsuitable for constructing 
electromagnets, for it is important that there should be 
as little residual magnetism as possible in the cores. It 
will be noted that the curves for cast iron show more of 
this residual effect than do those for wrought iron. 
The numerical data in Tables H. and III. are means 
between tlie ascending and descending values. 

As an exam2)le of the use of the Tables we may take 
the following: How strong must the magnetizing force 
be in order to produce in wrought iron a magnetization 
of 110,000 lines to the square inch ? Reference to Table 
II. or to Fig. 18 shows that a magnetizing field of 664 
will be required, and that at this stage of the magneti- 
zation the permeability of the iron is only 166. As there 
are 6.45 square centimetres to the square inch, 110,000 
lines to the square inch corresponds very nearly to 17,- 
000 lines to the square centimetre, and H^ = 664 cor- 
responds very nearly to H = 100. 

TRACTIOX METHODS. 

Another group of the methods of measuring permea- 
bility is based upon the law of magnetic traction. Of 
these there are several varieties. 

{D) Divided Ring Method. — Mr. Shelford Bidwell has 
kindly lent me the apparatus with which he carried out 
this method. It consists of a ring of very soft charcoal 
iron rod 6.4 millimetres in thickness, the external diam- 
eter being eight centimetres, sawn into two half rings, 
and then each half carefully wound over with an ex- 
citing coil of insulated copper wire of 1,9JJ9 convolutions 
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in total. Tin; two halves fit neatly together; ami in 
tliia posil.iuii it fonstituteB practically a coiitinuoua ring, 
Wiien an exciting eurrent is pjissed round the coils both 
halves become maguetized and attract oneanother. The 
force required to pull them Jisuiider is then measured. 
According to the law of traction, whieh will occupy as 
in the second lecture, the tractive force (over a given 
area of contact) is proportional to the square of the 
nnaiher of magnetic lines thsit pass from one surface to 
the other through the contact joint. Hence the force 
of traction may he used to determine B; and on calcu- 
lating H as before we can determine the permeability. 
The following Table IV. gives a summary of Mr. Hid- 
well's resnlta: 

^^^^^ Mr, Bidwell, an iron rod hooked at both ends was 
I divided across the middle, and placed within a vertical 

I surrounding magnetizing coil. One hook was bung up 

I to an overhead support; to the lower hook was hung a 

scale pan. Currents of gradually increasing strength 
L were sent around the magnetizing coil from a battery 
^^■^^ celle, and note was taken of the greatest weight which 
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noulil ill each case be pluced in the scale pan without 
tciiriiig asunder the ciiils of the rode. 

(/") Peniienmele.r Melhud. — This is a method which I 
liiivc myself devised for the purpose of testing speci- 
mens of iron. It is essentially a workshop method, ns 
distinguished from a laboratory method. It requires no 
ballistic galvanometer, aud the iron does not need to be 
forged into a ring or wound with a coil. For carrying it 
out a simple instrument is needed, 
which I venture to denominate as 
& permeameler. Outwardly, it has 
a general resemblance to Dr. Hop- 
kinson's apparatus, and consi8t8,as 
you see (Fig. 19), of a rectangular 
piece of soft wrought iron, slotted 
out to receive a magnetizing coil, 
down the axis of which passes a 
brass tube. The block is 12 inches 
long, 6i inches wide, and 3 inches 
in thickness. At one end the block 
is bored to receive the sample of 
iron that is to be tested. This consists simply of a 
thin rod about a font long, one end of which must be 
carefully surfaced up. When it is placed inside the 
magnetizing coil and the exciting current is turned on, 
the rod sticks tightly at its lower end to the surface 
of the iron block; and the force required to detach it 
(or, rather, the square root of that force) is a measure of 
the permeation of the magnetic lines through its end 
face. In the first permeameter which I constructed the 
magnetizing coil is 13.G4 centimetres in length and has 
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371 turns of wire. One umpi''re of exulting current 
consequently proiliiuos a magTietizing force of H ^ ^i. 
The wire is tbick enough to carry 30 ampt'TCS, bo tliat 
it is easy to reach a magnetizing force of 1,000. 'Xli^ 
current I now turn on ia 25 ampt^res. The two roJd 
here are of "charcoal iron'^ and "best iron" respect' 
ively; they are of quarter-inch square stuff. Here is A 
spring balance graduated carefully, and provided with 
an automatic catch so that its index stops at the higbest 
reading. The tractive force of the charcoal iron is 
about 12i pounds, while that of the " best" iron is only 
7^ pounds. B ia about 19,000 in the charcoal iron, and 
H being 850, ,'i is about 22.3. The law of traction which 
1 use in calculating B will occupy ua much in the next 
lecture; but meantime I content myself in stating it 
here for use with the permeaimeter. The formula for 
calculating B when the core is thus detached by a pnll 
of /* pounds, the area of contact being A square incbee, 



s follo' 



j^i,3i:xVT?" 



"I + H. 



I may add that the instrument, in its final form, was 
manufactured from my designs by Messrs. Nalder Bros., 
the well-known makers of so many electrical inatru- 



■ CURVES OF llAr.NETIZATlON ANT rERMEABII.ITT. 

In reviewing the results obtained, it will be noted that 
the curves of magnetization all possess the same general 
ieatures, all tending toward a practical maximum, which, 
Bffever, is different for different materials. Joule ex- 
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the opiuioii that " no force of eurront could gire 
iui attnictioii otjiial to 300 ponnfla per square inch," the 
greatest he uctuiilly att»in&d being only ITS pounds per 
aqnuro inch. Rowland was of opinion that the limit 
was about 177 pounds per squ^ire inch for an ordinary 
good qnality of iron, even with infinitely great exciting 
power. This wonid correspond roughly to a limiting 
Talue of B of about 17,500 lines to the square centime- 
tre. This value has, however, been often surpassed. 
Bidwell obtained 19,8^0, or possibly a trifle more, as in 
Bidwell'a calculation the value of H biis been needlessly 
discounted. Hopkinson gives 18,250 for wrought iron 
and 19,840 for mild Whitworth steel. Kapp gives 16,- 
740 for wrought iron, 20,460 for charcoal iron in sheet, 
and 33,250 for charcoal iron in wire. Bosanquet found 
the highest valae in the middle bit of a long bar to run 
up in one specimen to 21,428, in another to 29,388, in a 
third to 37,688. Ewing, working with extraordinary 
magnetic power, forced up the vidne of B in Lowmoor 
iron to 31,560 {when /t came down to 3), and Bubse- 
quently to 43,350. This last figure corresponds to a 
traction exceeding 1,000 pounds to the square inch. 

Cast iron falls far below these figures. Tlopkinson, 
tsing a magnetizing force of 340, found the values of B 
to be 10,783 in gray cast iron, 12,408 in malleable cast 
iron, and 10,546 in mottled cast iron. Ewing, with a 
magnetizing force nearly SO times as great, forced np 
the value of B in cost iron to 31,760. Mitis metal, which 
is a sort of cast wrought iron, being a wrought iron ren- 
dered fluid by addition of a small percentage of alumin- 
ium, is, us I Jiiivt found, more magnetizable than cast 
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iron, and not far inferior to wrought iron. It should 
form an excellent material for the cores of electromag- 
nets for many purposes where a cheap mauufacture is 
wanted. 

A very nsefnl alternative mode of studying the results 
obtained by experiment is to construct curves, such as 
those of Fig. ^0, in which the values of the permeability 
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are plotted out vertically in correspondence with the 
values of B plotted horizontally. It will be noticed that 
in the case of Hopkinson's specimen of annealed wrought 
iron, between the points where B = ",000 and B — 
16,000 the mean values of ,'i lie almost on a stniight 
line, and might be approximately calculated from the 
equation : 

« = (17,000-8) -^ 3.5. 

THE LAW OF THE EI.F.rTROMAONET, 

Many attempts have been made, by Miiller, Lament, 
PrSlich, and others to discover a simple algebraic for- 
mula whereby to express the relation between the mag- 
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netizinor f«»rfe an<l the maofnetisni prothu'cil in the elec- 
troina;rnet. An'unliiiir to M filler, these are related to 
one another in the same proportions as the natural 
tangent is related to the arc which it subtends. The 
formula? of Ljimont and Frolich, which are more nearly 
in keeping with the facts, are based upon the assump* 
tion of a relation between the permeability and the de» 
gree of magnetization present. Suppose we assume the 
approximation stated above, that the pei*meability is 
proportional to the difference between B and some 
higher limiting value (17,000 for wrought iron, 7,000 for 
cast iron). If this higher value is called ,S we may write 

,5-B 

Where « is a constant that varies with the quality of the 
iron or steel. 
Now 

B = /^H; 

giving by substitution and an easy transformation 

which is one form of Frolich's well-known formula. The 
constant, «, stands for the "diacritical" value of the 
magnetizing force, or that value which will bring up B 
to half the assumed limiting or " satural '' value. 

All such formulae, however convenient, are insuflB- 
(iiont, inasmuch as they fail to take into account the 
])ropertie8 of the entire magnetic circuit. 
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f have already dmwn attention to the difference be- 
tween the ascending and descending carves of miigneti- 
zation, and may now point out that this in a part of a 
set of geiieral phenomena of resiilual effects, Tlie best 
known of these eSeots is, of couraOj the esistence in 
Bome kinds of iron, and notably in steel, of a romaneut 
mb-permanent magnetization after the magnetizing 




force has beon entirely removed. To this retardation 
of effects behind the causeB thttt produce them the name 
of "hyateresia" has been given by Prof. Ewing. If 
a piece of iron is subjected to a magnetizing force which 
increases to a maximum, then is decreased down to zero, 
then reversed and carried to a negative masimum, then 
deerciised again to zero, and so carried ronnd an entire 
cycle of magnetic operations, it is observed that the 
l^tgirea of magnetization form n closed area similar in 
^^^H^ to those shown in Fig. 31. This closed area 
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represents tlie work whicli lias been wasted or dissipated 
in subje(!tin^ the iron to these alternate magnetizing 
forces. In very soft iron, where the ascending and de- 
scending curves are close together, the inclosed area is 
small, and as a matter of fact very little energy is dis- 
sipated in a cycle of magnetic operations. On the other 
hand, with hard iron, and particularly with steel, there 
is a great w^idth between the curves and there is a great 
waste of energy. Hysteresis may be regarded as a sort 
of internal or molecular magnetic friction, by reason of 
which alternate magnetizations cause the iron to grow 
hot. Hence the importance of understanding this curi- 
ous effect, in view of the construction of electromagnets 
that are to be used with rapidly alternating currents. 
The follow^ing figures of Table V. give the number of 
watts (one watt = -^^ of a horse power) wasted by hys- 
teresis in well-laminated soft wrought iron when sub- 
jected to a succession of rapid cycles of magnetization. 

Table V,— Waste op Power by Hysteresis. 







VTatts wasted per 
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116,100 
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It will be noted that the waste of energy increases as 
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the magnetization is poshed higher and higher in a 
diBproportionate dejp-ee, the waste when B ie 1S,000 
heing sis times that when B is 6,000. Iq the case 
of hard iron or of steel the heat waste would be far 
greater. 

Another kind of after-effect was discovered by Ewing, 
and named by him " yiscons hysteresis." This ia the 
name given to the gradual creeping up of the magneti- 
zation when a magnetic force ia applied with absolute 
steadiness to a piece of iron. This gnidual creeping np 
may go on for half an hour or more, and amount to 
several per cent, of the total magnetization. 

Another important matter is that all such actions aa 
hammering, rolling, twisting, and the like, impair the 
magnetic quality of annealed soft iron. Annealed 
wrought iron which has never been touched by a tool 
shows hardly any trace of residual magnetization, even 
after the application of magnetic forcee. But the touch 
of the file will at once spoil it. Sturgeon pointed out 
the great importance of this point. In the specification 
for tenders for instruments for the British Postal Tele- 
graphs, it is laid down as a condition to be observed by 
the constructor that the cores most not be filed after 
heing annealed. The continiinl hammering of the arma- 
ture of an electromagnet against the poles may in time 
jirodnce a similar effect. 



Fallacies and facts aboct Rt.ECTHoMAGSETs, 

FTrill conclude this lecture by stating a few of the 
8 that are cnrrent about electromagnets, and will 
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add to them a few facts, some of wtueh svem paradox!- 
caL The refutation of the fallacies and the explanutiuD 
of the facts wiU come in dae course. 

FaRatiet. — The attraction of an electromagnet for ita 
armatare raries inversely as the square of its distance 
froRi the poles. 

The unter windings of an electromagnet are necea- 
sarily ie-ss eSectire than those that are close to the iron. 

Hollow iron cores are as good as solid cores of the 

Pole pieces add to the lifting power of an electro- 
magnet. 

It hnrts an electromagnet (or, for that matter, a steel 
magnet) to pull off the keeper suddenly. [It is the sud- 
den slamming on that in reality hnrts it.j 

The resistance of the coil of an electromagnet ought 
to be equal to the resistance of the battery. 

A coil wound left-handedly magnetizes a magnet dif- 
ferently from a coil wound right-handedly. [It is not a 
question of winding of coil, but of circulation of current.} 

Thick wiro electromagnets are less powerful than 
thin wire eleciromagnets. 

A badly insulated electromagnet is more powerful 
than one that is well insulated. 

A square iron core is less ])Owertul (iis Dal Negro says, 
eighteen-fold !) than a round core of equal weight. 

The attraction of an electromagnet for its keeper is 
necessarily less strong (one-third according to Dn Mon- 
cel) sidewiae than when the keeper is in front of the 
poles. 

Putting a tube of iron outside the coils of un electro- 
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magnet makes it attract a distant armature more pow- 
erfully. 

Facts. — A bar electromagnet with a convex pole holds 
on tighter to a flat-ended armature than one with a flat 
pole does. 

A thin round disc of iron laid upon the flat round 
end of an electromagnet (the pole end being slightly 
larger than the disc), the disc is not attracted, and will 
not stick on, even if laid down quite centrally. 

If a flat armature of iron be presented to the poles 
of a horseshoe electromagnet the attraction at a short 
distance is greater, if the armature is presented flank* 
wise, than if it is presented edgewise. On the contrary, 
the tractive force in contact is greater edgewise than 
flankwise. 

Electromagnets with long limbs are practically no 
better than those with short limbs for sticking on to 
masses of iron. 
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LECTURE II. 

GENERAL PRINCIPLES OF DESIGN AND CONSTRUCTION 
— PRINCIPLE OF THE MAGNETIC CIRCUIT. 

To-NIGHT we have to discuss the law of the magnetic 
circuit in its application to the electromagnet, and in 
particular to dwell upon some experimental results 
which have been obtained from time to time by differ- 
ent authorities as to the relation between the construc- 
tion of the various parts of an electromagnet and the 
effect of that construction on its performance. We have 
to deal not only with the size, section, length, and ma- 
terial of the iron cores, and of the armatures of iron, 
out we have to consider also the winding of the copper 
coil and its form; and we have to speak in particular 
about the way in which the shaping of the core and of 
the armature affects the performance of the electromag- 
net in acting on its armature, whether in contact or at 
a distance. But before we enter on the last more diffi- 
cult part of the subject, we will deal solely and exclu- 
sively with the law of force of the magnet upon its 
armature when the two are in contact with one another; 
in other words, with the law of traction. 

I alluded in a historical manner in my first lecture 
to the principle of the magnetic circuit, telling you how 
the idea had gradually grown up, perforce, from a con- 
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eideratioD of the facts. The law of the magnetic cir- 
cuit was, however, first thrown into shapu in 1873 by 
Professor RowLiud, of Baltimore. He pointed out that 
if yoa consider any sim|ile case, and find, aa electricians 
do for the eleotric circuit, an expression for the mag- 
netizing force whioh tonds to d rive the maguetiBni round 
the circuit, and divide that by the resistance to magneti- 
zation reckoned also all round the circuit, the ijuotient 
of those two gives you the total amoant of flow or flux 
of magnetism. That is to say, one niay ealenlate the 
quantity of magnetism that iiaases in that way round 
the magnetic circuit in exactly the eame way as one 
calculates liie strength of the electric current by the law 
of Ohm. Rowland, indeed, Wtint a great deal further 
than this, for he applied this very calculation to the ex- 
periments made by Joule more than 30 years before, and 
from those experiments deduced the degree of magnet- 
ization to which Joule had driven the iron of his niag^^ 
nets, and by inference obtained the amount of current 
that he had been causing tn circulate. Now, this law 
requires to be written oat in a form that can be used 
for future calculation. To put it in words without any 
symbols, we must first reckon out from the number of 
turns of wire in the coil, and the number of amperes 
of current which circulates in them, the whole vmgneto- 
moiive force— th<s whole of that which tends to drive 
magnetism along the piece of iron — for it is, in fact, 
; proportional to the strength of the current and the 
j number of times it circulates. Nest we must ascertain 

L kis resistance which the magnetic circuit offers to the 
^■^^Kage of the maLfnetic lines. I here avowedly use 

^' 
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Joule's own expression, which was afterward adopted 
by Rowland, and, for short, so as to avoid having four 
words, we may simply call it the magnetic resistance. 
Mr. Heaviside has suggested as an advisable alternative 
term magnetic reluct ancey in order that we may not con- 
fuse the resistance to magnetism in the magnetic cir- 
cuit with the resistance to the flow of current in an 
electric circuit. However, we need not quarrel about 
terms ; magnetic reluctance is sufficiently expressive. 
Then having found these two, the quotient of them 
gives us a number representing — I must not call it the 
strength of tlie magnetic current — I will call it simply 
the quantity or number of magnetic lines which flow 
round the circuit ; or if we could adopt a term which 
is used on the continent, we might call it simply the 
magnetic flux, the flux of magnetism being the analogue 
of the flow of electricity in the electric law. The law 
of the magnetic circuit may then be stated as follows : 

,, ,. n maffneto-motive force 

Magnetic flux = — -^ — 

° reluctance. 

•However, it is more convenient to deai with these 
^natters in symbols, and therefore the symbols which J 
:U8e, and have long been using, ought to be explained i^p 
you. For the number of spirals in a winding I use ti^e 
Jietter H; ior the strength of current, or number of 
amperQS, the letter i ; for the length of bar, or core, -I 
am going to use the letter I ; for the area of cros§- 
section, the letter A ; for the permeability of the iron 
which we discussed in the last lecture, the Greek sym- 
bol /x; and for the total magnetic flux, the nunaber of 
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magnetic lines, I nso the Itttcr N. Then our liiw bu- 
illows: 

Magneto-motive force ~ -•,, ; 

Miignetic reluctfinoe 2' — - ; 
A/i 

4^ ■ .yt 

Magnetic flnx H - -^^^^ 



If we tiike the number of eiiii'als and ranltiply by the 
number of ump^-rea of current, so as to get the whole 
amonnt of drcalatioii of eleetrie current expreased in so 
many ampere turns, and multiply by 4t, and divide by 
10, in order to get the proper unit (that is to say, mul- 
tiply it by 1.257), that gives ns the magneto-motive 
force. For magnetic reluctance-j calculate out the reluc- 
tance exactly as you would the resistance of an electric 
conductor to the flow of electricity, or the resistance of 
ft conductor of heat to the flow of heat; it will be pro- 
portional to the length, inversely proportional to the 
cross-section, and inversely proportional to the conduc- 
tivity, or, in tlio present case, to the magnetic permea- 
bility. Kow if the circuit is a simple one, we may sim- 
ply write down here the length, and divide it by the 
area of the cross-section and the permeability, and so 
find the value of the reluctance. But if the circuit be 
not a simple one, if you have not a simple ring of iron 
of equal section all round, it is necessary to consider 
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the circuit in pieces as you would an electric circuit, 
ascertaining separately the reluctance of the Beparate 
parts.and adding all together- As there may he a num- 
ber of such terms to he added together, I have prefixed 
the espression for the magnetic reluctance hy the sign 
I'of summation. But it doea not by any means follow, 
because we can write a thing down ilb simply as that, 
that the calculation of it will he a very simple mat- 
ter. In the case of magnetic lines we are quite unable 
to do as one does with electric currents, to insulate the 
flow. An electric current can be confined (provided we 
do not put it in at 10,000 volts pressure, or anything 
much bigger than that) to a copper conductor hy an 
adequate layer of adeqnatelj strong — ^and I use the 
word "strong" both iu a raecbanical and electrical sense 
— of adequately strong insulating material. There are 
materials whose conductivity for electricity aa compared 
with copper may be regarded perhaps as millions of 
millions of millions of times less; that is to say, they 
are practically perfect insulators. There are no such 
things for magnetism. The most highly insulating sub- 
stance we know of for magnetism is certainly not 10,000 
times less permeable to magnetism than the most highly 
miignetizable substance va know of, namely, iron in its 
best condition; and when one deals with eleetroniag- 
Jiets where curved portions of iron are surrounded with 
copper, or with air, or other electrically insulating ma- 
terial, one is dealing with substances whose permeability, 
instead of being infinitely small compared with that of 
iron, is quite considerable. We have to deal mainly 
with iron when it has been well magnetized. Its per- 
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meahility compsred with air is then from 1,000 to 100 
roughly; that is to aivy, tlie permeability of air compared 
with the iron is not less than from -j-ihrth to ■ni'Bii'^h part. 
That means that it is qnite paBBible to have a very con- 
siderable leakage of magnetic lineB from iron into air 
occurring to compliciite one's calculations and prevent 
an accnrate estimate being made of the true magnetic 
reluctance of any part of the circuit. Suppose, how- 
ever, that we have got over all these difficulties and 
made our calculations of the ttuignetic reluctance; then 
dividing the magneto-motive force by the reluctance 
gives U8 the whole number of magnetic lines. 

There, then, ia in its elementary form the law of the 
magnetic circuit stated exactly as Ohm's law is stated 
for electric circaits. But,as a general rule, one requires 
this magnetic law for certain applications, iu which the 
problem is not to calculate from those two quantities 
what the total of magnetic lines will be. In most of 
the cases a rule is wanted for the purpose of calculating 
hack. You want to know how to build a magnet so as 
to give you the requisite number of magnetic lines. 
You start by assuming that you need to have so many 
magnetic lines, and you require to know what magnetic 
reluctance there will be, and how much magneto-motive 
force will be needed. Well, that is a matter precisely 
analogous to those which every electrician comes across, 
lie does not alwiiys want to nse Ohm's law in the way 
in which it is commonly stated, to calculate the current 
from the electromotive force and the resistance; bf 
often wants to calculate what is the electromotive force 
which will send a given current through a known resist- 
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anoo. And so do we. Our main considei'ution to-night 
will 1)0 (lovotod to the question how many ampcire turns 
of e II r rent eirculatiou must be provided in order to drive 
the required quantity of magnetism through any given 
magnetic rehietance. Therefore, we will state our law 
a little differently. What we want to calculate out is 
the number of ampere turns required. When once we 
have got that, it is easy to say what the copper wire 
must consist of, what sort of wire, and how much of it. 
Turning then to our algebraic rule, we must transform 
it, so as to get all the other things besides the ampere 
turns to the other side of the equation. So we write 
the formula: 



1.257 



We shall have then the ampere turns equal to the 
number of magnetic lines we are going to force round 
the circuit multiplied by the sum of the magnetic re- 
luctances divided by l.:^57. Now this number, 1.257, is 
the constant that comes in when the length I is ex- 
pressed in centimetres, the area in square centimetres^ 
and the permeability in the usual numbers. Many per- 
sons unfortunately — I say so advisedly because of the 
waste of brain labor that they have been compelled to 
go through — prefer to work in inches and pounds and 
feet. They have, in fact, had to learn tables instead of 
acquiring them naturally without any learning. If the 
lengths be specified in inches and areas in square inches. 
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then the eonstitnt ia a little ilifferent. Tbe constant in 
that case, for inch and square inch luensnres, ia 0.3133, 
so that the formula hecomes: 



Si^H X-1'- 



.1' 



-^ X 0.3133. 



Here it is convenient to leave the law of the magnetld 
circuit, anil come back to it from time to time as we 
require. What I want to point out before I go to any 
of the applications is, that with the guidance provided 
by this law, one after another the Tarioua points that 
come under review can be arrimged and explained, and 
that there does not now remain — if one applies this law 
with judgment — a simple fiict about electromagnets 
which is either anomalous or paradoxical. Paradoxical 
some things may seem in form, but they all reduce to 
what is perfectly rational when one h.-ia a guiding prin- 
ciple of this kind to tell you how much magnetization 
you will get under given circumstances, or to tell you 
how much magnetizing power you require in order to 
get a given quantity of magnetization. I am using the 
word " magnetization " there in the popiilar sense, not 
in the narrow mathematical sense in which it has some- 
tirasB been used (i.e., for the magnetic moment per unit 
cnbe of the material). I am using it simply to cxpreea 
the fact that the iron or air, or whatever it may he, has 
been subjected to the process which results in there 
being magnetic lines of force induced through it. 

Now let UB anply this law of magnetic circuit in the 
firet place to the traction, tliat is to say, the lifting 
power of electromagnets. Tlie law of traction I as- 
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Slimed ill niv last lecture, for I made it the basis of a 
method of measuring the amount of permeability. The 
law of magnetic traction was stated once for all by Max- 
well, in his great treatise, and it is as follows: 

P (dynes) = ° ^ 



8;r 

AVliore -1 is the area in square centimetres this be- 
comes 

J> (gnunmes) = g^ ^ 981 

That is, the pull in grammes per square centimetre 
is equal to the square of the magnetic induction, B 
(being the number of magnetic lines to the square cen- 
li metro), divided by 8-, and divided also by 981. To 
])ring grammes into pounds you divide by 453.6, so that 
the formula then becomes: 

I^ (})ounds) == 



11,183,000 ' 
or if square inch measures are used: 

P (pounds) = --^l^" . 
^^ ^ 72,134,000 

To save future trouble we will now calculate out from 
the law of traction the following Table, in which the 
traction in grammes per square centimetre or in pounds 
per square inch is set down opposite the corresponding 
value of B. 
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TiBLK VI.— MiOHKTlZiTION AMD MAQNtTlO TlULTlON. 
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This Bimple statement of the law of tmctiou assumes 
that the distribution of the magnetic lines is uniform 
all over the urea we are considering; and tiwt unfor- 
tunately is not alwajB the case. When the distribution 
is not uniform then the mean vulue of the squares be- 
comes greater than the squar« of the mean yalue, and 
couseqnently the pull of the magnet at its end face may, 
under certain circumstances, "become greater than the 
calculation would l^ad yoii to expect — greater than the 
average of B would lead yon to suppose. If the distri- 
bution is not uniform over the urea of contact then the 
accurate expression for the tractive force (in dynes) will be 
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the iiitegnition being taken over the whole urea of con- 
tact. 

This Liw of traction has been verified by experiment. 
The most conclusive investigations were made about 
188G by Mr. R. II. M. liostmquet, of Oxford, whose ap- 
paratus is depicted in Fig. 22. He took two cores of 

iron, well faced, and sur- 



SS JUU ^ 



To Oaloanometer 



cm 



I 
I 

20 cm 




Counterpot'ae 



rounded them both by 
magnetizing coils, fas- 
tened the upper one 
rigidly, and suspended 
the other one on a lever 
with a counterpoise 
weight. To the lower 
end of this core he hung 
a scale-pan, and meas- 
ured the traction of one 
upon the other when a 
known current was cir- 
culating a known num- 
ber of times round the 
coil. At the same time 
he placed an exploring 
coil round the joint, 
that exploring coil being connected, in the manner with 
which wo were experimenting last week, with a ballistic 
galvanometer, so that at the moment when the two 
surfaces ])arted company, or at the moment when the 
magnetization was released by stopping the magnet- 
izing current, the galvanometer indication enabled 
him to say exactly how many magnetic lines went 
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. thiit exploring coil. 
), you could calculiite the i 



So that, kuowing the 

limber per square centi- 

,re, and jou could therefore compare B^ with the 

I per square ceutimetre obtained directly on the 

ale-pan. Bosiinquet found that even wben the sur- 

s were not absolutely perfectly faced the corrc8])oiid- 

) was very close indeed, not varying by more than 

ibe or two per cent, except with email magnetizing 

i. Buy forces less than five 0. G. 8. units. 

When one knows how irregular the behavior of iron 

1- when the magnetizing forces are so small as this, 

B is not astonished to find a lack of proportionality. 

Ihe correspondence was, however, sufficiently exact to 

J that the experiments verified the law of traction, 

t the pull is proportional to t!ie square of the mag- 

3 induction through the area integrated over that 



iv the 1h,w of traction being in that way established, 
one at once begins to get some light upon the subject 
of thedesigu of electromagnets. Indeed, without going 
into any mathematics, Joule bad foreseen this when ho 
in some instinctive sort of way seemed to consider th:it 
the proper way to regard an electromagnet for the pur- 
jpoae of traction was to think how many square inches 
tf contact surface it had. He found that be could mag- 
Ktize iron up until it pulled with a force of 175 pounds 
" e square inch, and he doubted whether a traction 
■ great as 300 pounds per square inch could be obtained. 
I the following Table Joule's results (see Table I.) 
e rec&Iculated, and the values of B deduced: 



f)0 
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Table VII.— Joule's Results Re-calculated. 
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I will now return to the data in Table VI., and will 
ask you to compare the last column with the first. 
Here are various values of B, that is to say, the amounts 
of magnetization you get into the iron. You cannot 
conveniently crowd more than 20,000 magnetic lines 
through the square centimetre of the best iron, and, as 
a reference to the curves of magnetization shows, it is 
not expedient in the practical design of electromagnets 
to attempt, except in extraordinary cases, to crowd more 
than about 1G,000 magnetic lines into the square centi- 
metre. The simple reason is this: that if you are work- 
ing up the magnetic force, say from up to 50, a mag- 
netizing force of 50 applied to good wrought iron will 
give you only 10,000 lines to the square centimetre, and 
the permeability by that time has fallen to about 320. 
If you try to force the magnetization any further, you 
find that you have to pay for it too heavily. If you want 
to force another 1,000 lines through the square centi- 
metre, to go from 1G,000 to 17,000, you have to add on 
an enormous magnetizing force; you have to double the 
whole force from that point to get another 1,000 lines 
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added. Obviously it would be much better to take a 
larger piece of iron and uot to mitgnetize it too Iiighly 
—to take a piece a quarter ae large again, and to mag- 
netize that leas forcibly. It dues not therefore pay to 
go much above 16,000 lines to a square centimutro — 
that IB to say, expressing it in terms of the law of trac- 
tion, and the pounds per square inch, it does not pay to 
design your electromagnet so that it shall have to carry 
more than about 150 ]ioun(la to the square inch. This 
shall be our practical rule r let us at once take an exam- 
ple. If you want to design an electromagnet to carry a 
load of one ton, divide the ton, of 3,340 pounds, by 150, 
and that gives the requisite number of square inches of 
wrouglit iron, namely, 14.99, or say 15, Of course one 
would work with a horseshoo shaped magnet, or some- 
thing equivalent — something with a retnrn circuit — and 
calculate out the requisite cross-section, so that the toljit 
area exposed might be sufficient to carry the given loud 
at 150 pounds to the square inch. And, as a horseshoo 
magnet has two poles, the cross-section of the bar of 
which it is made must be 7i aqnare inchoe. If of round ' 
iron, it must be about 3^ iDchcs in diameter; if of 
square iron, it must be 3f inches each way. 

That settles the size of the iron, but not the length. 
Now, the lengtli of the iron, if one only considers the law 
of the magnetic circuit, ought to be as short as it cun 
possibly he made. Reflect for what purpose wo are de- 
signing. The design of an electromagnet is to be con- 
sidered, aa every design ought to be, with a view to the 
ultimate purpose to be served by that which you are 
dt'signing. The present purpose is the actual sticking 
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n of the magnet to a heavy weight, not acting on an- 
Sther magnet at a distance, not pulling at an armature 
^separated from it by a thick layer of air; we aro ileui- 
ing with traction iu contact. The question is. How 
long a piece of iron shall we need to bend over ? The 
answer is: Tate length enough, and no more than 
enough, to permit of room for winding on the neceBsary 
quantity of wire to carry the current which will give 
the requisite magnetizing power. But this latter we do 
Jiot yet know; it has to be calculated out hy the law of 
Bbe magnetic circnil. That is to say, wo must calculate 
^he magnetic fins, and the magnetic reluctance as best 
we can; then from these calculate the ampere tunis of 
current; and from this calculate the needful quantity 
of copper wire, so arriving finally at the proper length 
" jof the iron core. It is obvious the cross-section being 
given and the value of B boing prescribed, that settles 
whole number of magnetic lines, H} that will go 
nbrough the section. It is self-evident that length adds 
I the magnetic reluctance, and, therefore, the longer 
Fthe length is, the greater have to he the number of 
ampere turns of circulatioa of the current; while the 
less the length is, the smaller need he the number of 
amps^re turus of circulation. Therefore you should de- 
sign the electromagnet as stumpy us possible, that is to 
say make it a stumpy arch, even as Joule did when he 
came across the same problem, and arrived, by a sort of 
Bcientiflciustinct, at the right solution. You should have 
no graiter length of iron than is necessary in order to get 
the windings on. Then you see we cannot absolutely 
fc calculate the length of the iron until we have aij .idei| 
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about the winding, and we must settle, therefore, pro- 
visionally, about the windings. Take a simple ideal 
case. SupposQ we had an indefinitely lung, Blraight iron 
rod, and wo wound that from end to end with a mag- 
netizing coil. IIuw thick a coil, how mimy ampure turns 
of circulation per inch length will you require in order 
to magnetize up to any particular degree ? It ia a mat- 
ter of very simple calculation. Yon can calcnlate ex- 
actly what the magnetic reluctance of an inch ieugth of 
the core will be. For example, if you are going to mag- 
netize up to 16,000 lines per square centimetre, the per- 
meability will be 320, You can take the area anything 
you like, and consider the length of one inch; you can 
therefore ealcolato the magnetic reluctance per inch of 
conductor, and then you can at once say how many 
ampere turns per inch would be necessary in order to 
give the desired indication of 10,000 magnetic lines to 
the square centimetre. And knowing the properties of 
copper wire, and how it heats up when there is a cur- 
rent; and knowing also how much heat you can get rid 
of per square inch of surface, it ia a very simple matter 
to calculate what minimum thickness of copper the firs 
inaurunce companies would allow you to use. They 
would not allow you to have too thin a copper wire, be- 
cause if yon provide an insufficient thickness of copper 
you, still must drive your ampf'res through it to get a 
safficient number of ampi^re turns per inch of length; 
and if you drive those ampi^'res through copper winding 
of an insufficient thickness .the, copper wire wit! over- 
heat and your iiiisurance policy will be revoked. You 
ire compelled, by the practical consideration 
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of not overheating, to provide a certain thiekness of 
copper wire winding. I liave made a rough culeulation 
for certain cases, and I find that for such smull electro- 
niagiietB as one may ordinarily deal with, it is not noo- 
esRiry In any prat^ticiil ca^e to uso a copper wire wind- 
ing, tile total thickueaa of which ie greater than alwut 
half an inch; and, as a matter of fact, if yon use as 
much thickness as half an inch, you need not then wind 
the coil all along, for if you will use copjier wire wind- 
ing, no matter what the size, whether thin or thick, so 
that the total tliickness of copper outside the iron is 
half an jich, you can without overheating, using good 
wrought iron, nutke one inch of winding do for 20 inches 
length of iron. That is to say, you do not really want 
more than ji^th of an inch of thickness of copper out- 
side the iron to magnetize up to the prescribed degree 
of saturation that indefinitely long piece of which we 
are thinking, without overhejiting the outside surface in 
such a way as to violate the insurance rules. Take it 
approximately, if you wind to a thickness of half an 
inch the inch length of copper will magnetize 20 inches 
length of iron up to the point where B equals 16,000. 
If then we have a bar bent into a sort of horseshoe iu 
order to make it stick on to a perfectly fitting armature 
also of equal section and quality, we really do noc want 
more than one inch along the inner curve for every 21) 
inches of iron. An extremely stumpy magnet, such as 
I have sketched in Fig. 23, will therefore do, if one can 
only get tlie iron sufBclently homogeneous tliroughout. 
If, instead of crowding the wire near the polar parts, 
we could wind entirely all round the curved part. 
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thongh the layer of copper winding would be half an 
inch thick inside the arch, it would be much less out- 
side. Such a magnet, provided the armature fitted with 
perfect accuracy to the polar Burfacea, and provided a 
battery were arranged to send the requisite number of 
amp('-res of current through the coils, would pull with 
a force of one ton, the iron being' but 3^ inches in diam- 
eter. For my own part, in this case I should prefer not 




to use round iron, one of square or rectangular section 
being more convenient; but the round iron would take 
leas copper in winding, aa each turn would be of miui- 
mum length if the section were circular. 

Now, this sort of calculation requires to he greatly 
modilied directly one begins to deal with any other case. 
A stumpy short magnetic circuit with great crosB-sec- 
titin ia clearly the right thing for the greatest traction. 
You will get the given raagoetization and traction with 
net amount of magnetizing force when you have 
7 
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the area as great as possible, and the lengtli as small as 
possible. You will kindly note tliat I have given you 
as yet no proofs for the practical rales that I hare beeii 
using; they must eome biter. Also I have said nothing 
about the size of the wire, whether thiek or thin. That 
does not in the least matter, for the amp^'re turns of 
maguetiziug power can be made up in any desired way. 
Suppose we want on any magnet lUO ampf'ro tnma of 
magnetizing power, and we choose to employ a thin wire 
that will only carry half an ampere, then we must wind 
200 turns of that thin wire. Or, suppose we choose to 
wind it with a thick wire that will carry 10 ampt'-res, 
then we shall want only 10 turns of that wire. The 
same weight of copper, heated np by the corresponding 
current to an equal degree of temperature, will have 
equal magnetiaing power when wound on the same core. 
But the rules about winding the copper will be consid- 
ered later. 

Now if you look in the text-books that have been 
written on magnetism for information about the so- 
called lifting power or portative force of magnets — in 
other words, the traction— you will find that from the 
time of Bernoulli downward, the law of portative force 
has claimed the attention of experimenters, who, one 
after another, have tried to give the law of portative 
force in terms of the weight of the magnets; UBUally 
dealing with permanent magnets, not electromagnets. 
Bernoulli gave ' a rule something of the following kind, 
which is commonly known us Hacker's rule: 
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where Wia the weight of the magnet, P the greatest 
load it will anstaiu, and « a constant depending on the 
unit of weight chosen, on the quality of the steel mid on 
its goodness of magnetization. If the weights are iu 
pounds, then a is found for the best steels to yarj from 
18 to 34 in magnets of horseshoe shape. This expres- 
sion is equivalent to saying that the power which a 
magnet csan exert — he was dealing with steel magnets; 
there were no electroinugnets in Bernoulli's time— is 
equal to some constant multiplied by the three-halfth 
root of the weight of the. magnet itself. The rule is 
accurate only if you are dealing with a number of mag- 
nets all of the same geometrical form, all horseshoes, 
let us say, of the same general shape, made from the 
same sort of steel, similarly magnetized. In former 
years I pondered much on Hacker's rule, wondering 
how on earth the three-halfth root of the weight could 
have anything to do with the magnetic pull; and, hav- 
ing cudgeled my brains for a considerable time,'I saw 
that there was really a very simple meaning in it. 
What I arrived at' was this: If you are dealing with a 
given material, say hard steel, the weight is proportional 
to the volume, and the cube root of the volume is some- 
thing proportional to the length, and the square of the 
cube root forma something proportional to the square 
of the length, that is to say, to something of the nature 
of a eurfaoe. What surface ? Of course the polar sur- 
face. This complex rule when thus analyzed turns out 
to be merely a mathematician's expression of the fact 
that the pull for a given material magnetized in a given 
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way is proportional to the area of the polar aurfaoe; a 
law which in its simple form Joule aeems to have ar- 
rived at naturally, and which in this extmordinarilj 
academic form was arrived at hy comparing the weights 
of magnets with the weight which they would lift. You 
■wilt find it stilted in many books that a good magnet 
will lift 20 times its own weight. There never was a 
more fallacious nile written. It is perfectly true that 
a good steel horseahoemagnet weighing one pound ought 
to be able to puU with a ptill of 20 pounds on a properly 
shaped armature. But it does not follow that a mag- 
net which weighs two pounds will be able to pull with 
s force of 40 pounds. It ought not {b, because a mag- 
net that weighs two pounds bus not poles twice as big if 
it is the same shape. In order to have poles twice as 
big you must remember that tbree-halfth root coming 
in. If you take a magnet that weighs eight times «8 
much, it will have twice the linear diweusioiis and four 
times the surface; and with four times the surface in a 
magnet of the same form, simiiariy miignetized, yon 
will have four times the pull. With a magnet eight 
times as heavy you will have only four times the pulL 
The pull, when other things are equal, goes by surface 
and not by weight, and therefore it is ridiculous to give 
a rule saying how many times its own weight a magnet 
will pull. It is also narrated as a very extraordinary 
thing that Sir Isaac Newton had a magnet, a loadstone, 
which be wore in a signet ring, which would lift 234 
times its own weight. I have had an electromagnet 
■which would lift 3,500 times its own weight, but then 
it waa a very small one, and did pot weigh more than ft 
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grain and a half. When you. come to email things, of 
course the surface is large proportionally to the weight; 
the stnaller you go, the larger hecomes that dispropor^ 
tioD. This all shows that the old law of tniction in that 
iorm was praotjcally viilueless, and did not guide you 
to anything at all, ■whereas the law of traction as stated 
by Maxwell, and explained further by the law of the 
magnetic circuit, proves a most useful rule. 

From this digression let ua return to the law of the 
magnetic circuit. I gave you in my first lecture, when 
speaking of permeability, the following rule for calcu- 
lating the magnetic induction B: Take the pull in 
pounds, and the area of cross-section in square inches; 
divide one hy the other, and take the square root of the 
quotient; then multiplying by 1,317 gives B; or multi- 
plying by 8,494 gives B^. We have tlierefore a moans of 
stepping from the pull per siiuare inch to B,, or from 
B, to the pull per square inch. Now the other rule of 
the magnetic circuit also enables us to get from the 
amp^'re turns down to B,. for we have the following 
for the ampere turns: 
/' 



:N X^-'v^X 0.3132, 



the whole unmljcr of magnetic lines in the 
magni;tic circuit, is eriUiil to B, multiplied by J', or 
N =B..l'. 
From these we can deduce u simple direct espression. 
provided we assume the quality of iron as before, and 
also assume that there is no magnetic leakage, and that 
the area of cniss-section is the same all round the c 
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I enit, in the armature as well aa in the magnet core. So 
that /' is simply the mean total path of the magnetic 

, lines all ronnd the closed magnetic circuit. We may 
then write : 



Si = ' 



X0.3 



' I' X 0.3133" 

But hy the law of traction, as stated above. 



A (sq. in.) 
Equating together these two Tallies of B,, and solving, 
we get for the requisite number of amp^TO turns of cir- 
culation of exciting currents: 

f^ ^^(sq.in.) 
This, put into words, ainounts to the following rule 
for calculating the amount of exciting power that is re- 
quired for an electromagnet pulling at its armature, in 
the case where there is a closed magnetic circuit with 
no leakage of magnetic lines. Take the square root 
of the pounds per square inch ; multiply this by the 
mean total length (in inches) all round the iron cir- 
I cuit; divide by the permeability (which must he calcu- 
J from the pounds per square inch by help of Table 
:. and Table IL), and finally multiply by 3,661; the 
mber so obtained will be the number of ampere turns, 
goes then at once from the pull per square inch to 
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the number of ampere turns required to produce that 
puJl in a magnet of given length and of the prescribed 
(juality. In the case where the pull ia specified in kilo- 
grarnmeB, the area of section in square centimetres, and 
the length in centimetres, the formula becomes 



= 3,951 






example, take & magnet core of round a 
wrought iron, half an inch in diameter^ eight iDCbes long, 
bent to horseshoe shape. As an aniiature, another piece, 
tour inches long, bent to meet the former. Let ua agree to 
magnetize the iron np to the pitch of pulUng with 113 
poundB to the square ineli. Reference to Table VI. shows 
that B. will he about ffll.OOO, and Table il. shows that in 
that case ^ will be about DOT. Prom these data calculate 
what load the magnet will carry, and huw many ampere 
turns of cirouiation of current will be neetied. 

Ans. — Load (on two poles) = 43.97 lbs. 
Ainpffre tnrna needed = 373.5 
N. B. — In this calculation it Is assumed that the eontadt 
Burfuee between armature and magnet is perfect. It nerer 
is; the joint increases the relnotance of the magnetic cir- 
cuit, and there will be some leakage. It will be shown later 
how to estimate these effects, and to allow for them in the 
calculations. 



Here let me go to a matter which has been one of the 
jmradoxes of the past, lu epite of Joule, and of the 
laws of traction, showing that the pull is proportional 
to the area, you have this anomaly— tli at if you take a 
bar magnet having fiat-ended poles, and mensure the 
pull which its pole can exert on a perfectly flat arma- 
ture, aud then deliberately spoil the truth of the con- 
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tact surface, rouiiiJing it off, bo miiking the snrface gently 
convex, the convex pole, whicli only touches at a iicirtion 
1 of its urea instead of over the whole, will be found to 
I exert a bigger pull than the perfectly flat one. It has 
been shown by vaiioua usperimenters, particularly by 
I Mickles, that if you want to iucreiise the pull of ii mag- 
net with armatures you may reduce the polar surface. 
' Old steel magnets were frequently purposely made with 
a rounded contact surface. There are plenty of exam- 
ples. Suppose you take a. stniight round core, or one 
leg of a boraeshoe, which answers equally, and take a 
, flat-ended rod of iron of tbe same diameter as an arma- 
ture; stick it on endwise, and measure the pull when a 
given amount of amppre turns of current is circulating 
round. Then, having measured the pull, remove it and 
i file it a little, so as to reduce it at the edges, or take a 
I slightly narrower pieco ftf iron, so that it will actually 
be exerting its power over a smaller area, you will get a 
greater pull. What is the e.xplanation of this extraor- 
dinary fact ? A fact it is, and I will show it to you. 
Here, Fig. 34, is a small electromagnet whicli we can 
place with its poloe upward. This was very carefully 
made, the iron poles very nicely faced, and on coming 
to try them it was found they were nearly equal, bni 
one pole. A, wae a little stronger than the other. We 
I have, therefore, rounded the other pole, fJ, a little, and 
I here I will take a piece of iron, C, which has itself been 
I alighty rounded at one end, though it is flat at the 
ithor. I now ttirn on the current to the electromagnet, 
•nd I take a spring biilance so that we can measure the 
pull at either of the two pok-s. When I put the flat end 
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of C to the flat pole A bo thiit tliere is iiii excellent con- 
taot, I find the pull about 2^ pounds. Now try the 
round end of Con tlie flat pole A ; the pull is about 
tbree poimda. The flat end of Con the round pole B 
IB also about three pounds. But if now I put together 
two surfaces that are both rounded T get almost exactly 



the Kime pnii as at first with the two flat surfaceB. I 




V 




have made manj esperitnents on this, and so have 
others. Take the following case: There is hung up a 
horseshoe magnet, one pole being slightly convex and 
the other absolutely flattened, and there is put at the 
bottom a square bar armature, over which is slipped a 
hook to which weights can be hung, Wliich end of the 
armature do you think will be detached flrst? 

"f you were going simply by the square inches, you 
aid say this square eud will stick on tighter; it has 
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more gripping aiirfiice. But, as a matter jf fact, the 
other sticks tighter. Whj ? We are dealing here with 
a magnetic circuit. There is a eertniu total magnetic 
reluctance all rouiiil it, and the whole number of mag- 
netic lines generated in the circuit depends on two 
things — on the magnetizing force, and on the reluctance 
all round; and, saving a little leakage, it is the Hame 
number of magnetic lines which come through at B as 
go through at A. But here, owing to the fact that 
there ib at ^ a better contact at the middle than at 
the edges of the pole, the lines are crowded into a 
amaller space, and therefore at that particular place B, 
the number of lines per sqware inch runs up higher, and 
when you square the larger number, its square becomes 
still larger in proportion. In comparing the square of 
smaller B, with the square of greater B„ the square of 
the amaller B, over the larger area turns out to be tees 
than the square of the larger B, integrated over the 
smaller area. It is the law of the square coming in. 

As an example, take the ease of a magnet pole formed on 

the end of a piece o[ round iron 1.15 inches in diameter. 
The flat pole will have l.Ofl tjichea area. Suppose rtie mag- 
netizing forpes are such as to make B« = 90,300, then by 
Table VI. the whole pull will be 118.75 pounds, and the 
actual number of lines through the contact aurface will be 
N = B4,815. Now suppose the pole l>e reduced by rounding 
off the edge till the effective contact area is reduced to 0.8 
square inch. If all these lines were crowded through that 
area, that would give a rate of 10.5,350 per square inch. Sup- 
pose, however, that the additional reluctanee and the leak- 
age rt«hiced the number by two jier cent., there would still 
be 103,24(0 per square iach. Reference to Table VI. showB 
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that tills gives a pull o( 147.7 poittids per square inch, whieh, 
multiplied by the reduced area O.H, gives a total pull of 133.9 
pounds, wliich is lai^r tlian tlie origiiud pull. 

Let me show you yet another experiment. This is 
the aame electromagnet (Fig. 2i) which has one flat 
pole and one rounded pole. Here is an armature, also 
bent, having one flat and one rounded pole. If I put 
flat to flat and round to round, and pall at the middle, 

■■wfiat to flat detaches flrst; but if v 

' flat and flat to round, we shall probably find they are 
about equally good— it is hard to say which holds the 
stronger. 

The law of traction can agnin be applied to teet the 
Eo-called distributiou of free mugnetism on the surface. 
This ia a subjeet on which I shall have to siiy a good 
deal, We must therefore carefully consider what is 
m«q,ot by the pbrasa Let Fig. 26 be a rough drawing 

K ordinary bar magnet. Every one knows that if 
I such a magnet into iron filings the small bits of 
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iron stick on more especially nt tlte ends, but not ei- 

cluBivoly, and if you hold it under a piece of paper or 

ourdbourd, and sprinkle iron filings on the paper, you 

obtain curves like those skowu on the diagram. They 

attest the (iistribution of the magnetic forces in the 

extemai space. The magnetism running internally 

through the boiJy of the irou begins to leak out sidewise, 

and, finally, all the rest leaks out in a grejt tuft at the 

end. These magnetic lines pass round to the other end 

and there go in again. The place where the steel is 

internally most highly magnetized is this place across 

the middle, where externiilly no iron filings at all stick 

I to it. Now, we hiiTe to think of magnetism from the 

[ inside and not the ontside. This magnetism extends in 

I lines, coming up to the iurfaec somewhere near the 

ends of the bar, and the filings stick on wherever the 

mfignetiam comes up to thfl surface. They do not stick 

n at the middle part of the bar, where the metul is 

L really most completely permeated through and through 

I by the magnetism; there urea larger number of lines 

J per square centimetre of cross-section in the middle 

I region where none come up to the surface, and no filings 

stick on. Now, wc may explore the leakage of mugnetic 

lines at various points of the surface of the magnet hy 

L tlie method of traction. Wo can thereby arrive at a 

kind of measure of the itmoant of magnetism that is 

leaking, or, if you like to call it so, of the intensity of 

the " free magnetism " at the surface. I do not like to 

have to use these ancient terms, because they spggest 

the ancient notion that magnetism was a fluid or, 

rather, two iluida, one of which was plastered on at one 
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end of the magnet, uiid the other at the other, just as 
you might pnt red paint or blue paiiit over the ends. I 
ohly use that term because it is already more or leas 
familiar. Here is one of the ways of exijerimentnlly 
exploring the so-called distribution of free magnetism. 
The method was, I believe, onginaUy due to Pliicker; 
at any rsite, it wae much used by him. This little piece 
of apparatus was arranged by my friend and predeces- 
sor, Prof. Ayrton, for the purpose of tejiching his sin- 
dents at the Finsbury College,' Here is a bar magnet 
of steel, marked in centimetres from end to end; over 
the top of it there is a little steel-yard, consisting of a 
weight sliding along an arm. At the end of that steel- 
yard there is suspended a small bullet of iron. If we 
bring that bullet into contact with the bar magnet any- 
where no;ir the end, and equilibrate the pnll by sliding 
the counterpoise along the steel-yard arm, we shall ob- 
tain the definite pnll required to detach that piece of 
iron. The pull will be proportional, by Maxwell's rule, 
to the square of the number of magnetic lines coming 
up from the bar into it. Shift the magnet on a whole 
centimetre, and attach the bullet a little further on; 
now equilibrate it, and we ehal! find it will require a 
rather smaller force to detach it. Try it again, at points 
along from the end to the middle. The greatest force 
required to detach it will be found at the extreme cor- 
ner, and a little less a little way ou, and so on until we 
find at the middle the bullet does not stick on at all, 
simply because there are here no magnetic lines leaking. 
The method is not perfect, because it obviously depends 
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on the magnetic properties of the little bullet, and 
whether it is much or little satuniLed with magnetism. 
Moreover, the preaence of the bullet perturbs the very 
thing that is to be measured. Leakage into air is one 
thing; leakage into air perturbed by tbe presence of the 
liltle bullet of iron, whioh invites leakage into itself, is 
another thing. It is an imperfect experiment at the 
best, but a very instructive one. This method, has 
been used again and again in various cases for exploring 
the apparent maguetiGm on the surface. I shall use it 
hereafter, reserving the right to interpret the result by 
the light of tbe law of traction. 

I now pass to the consideration of the attraction of a 
magnet on a piece of iron at a distance. And here I 
come to ft very delicate and complicated question. What 
is the law of force of a magnet — or electromagnet — act- 
ing at a point some distance away from it? I have a 
very great controversy to wage against the common way 
of regarding this. The usual thing that is proper to 
say is that it all depends on the law of inverse squares. 
Now, the law of inverse aqnares Is one of those detesta- 
ble things needing to be abolished, which, although it 
may be true in abstract mathematics, is absolutely in- 
applicable with respect to electromagnets. The only 
use, in fact, of tbe law of inverse squares, with respect 
to electromagnetism, is to enable you to write an an- 
swer when you want to pass an academical examination, 
set by some fossil examiner, who learned it years ago at 
the University, and never tried an ex'perinient in his 
life to see if it was appliojible to an electromagnet. In 
academical examinations they always expect you to give 
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the law of inverse squares. What is tliu law of inverse 
sqnaree ? We had better nnderatand what it is before 
we coiidemii it. It is a atatement to the following effect 
— that the action of the magnet (or of the pole, some 
people say), at a point at a distance away from it, varies 
inversely as the square of the distance from the pole. 
There is a certain action at one inch away. Double the 
distance; the square of that will be fonr, and, inversely, 
the action will be one-quarter; at double the distance 
the action is one-quarter; at three times the distance 
the action is one-ninth, and so on. You just try it 
with any electromagnet; nay, take any magnet you 
like, and unless yon hit upon the particular case, I be- 
lieve you will find it to be universally untrue. Experi- 
ment does not prove it. Coulomb, who wiis supposed 
to establish the law of inverse, squares by means of the 
torsion balance, was working with long, thin needles of 
specially hard steel, carefully magnetized, so tiiat the 
only leakage of magnetism from the magnet might be 
as nearly as possible leakage in radiating tufts at the 
very ends. He practically had point poles. When the 
only surf:ice magnetism is at the end faces, the magnetic 
lines leak out like rays from a centre, in radial lines. 
Now the law of inverse squares is never true except for 
the aetion of points; it is a, poini ia.w. It you could get 
an electromagnet or a magnet with poles so small in 
proportion to its length that jou can consider the end 
face of it us the only place through which magnetic 
lines leak up into the air, and the ends themselves so 
small as to be relatively mere points; if, also, you can 
wrd those end f;ices as something so far away from 
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Birhatever they are going to act upon that the dietance 
I between them shall be Uirge compared with their size, 
and thti end iteelC so sm»ll as to be a point, then, and 
then only, is the law of inverse ttquarea true. It la a, 
law of the action of points. What do we find with elec- 
tromagnets ? We are dealing with pieces of iron wiiich 
are not infinitely long with respect to their cross-sec- 
tion, and genenilly possessing round or square end faces 
of definite magnitude, which are quite close to the 
armature, and which are not so infinitely far away that 
yon can consider the poliir face a point na compared 
with its distance away from the object upon which it is 
to act. Moreover, with real electromagnets there is 
always lateral leakage; the magnetic lines do not ali 
emerge from the iron through the end face. Therefore, 
the law of inverse squares is not applicable to that case. 
What do we mean by a pole, in the first place ? We 
' must settle that before we can even begin to apply any 
I law nf inverse squares. When leakage occurs all over a 
I, great region, as shown in tliia diagram, every portion of 
I the region is polar; the word polar simply means that 
I you have a place somewhere on the surface of the mag- 
I net where filings will stick on; and if filings will stick 
on to a considerable way down toward the middle, all 
that region must be considered polar, though more 
Btrongly at some parts than at others. There are some 
cases where you can say that the polar distribntion is 
' auch that the magnetism leaking through the surface 
I acts as if there were a magnetic centre of gravity a little 
I way down, not actually at the end ; hut cases where you 
F cun say there i^ sqcU a distribution as to have a mag- 
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netic centre of gravity are strictly few. When Gauss 
bad to make np his magnetic measuremeuts of the 
earth, to describe the earth's magnetism, he found it 
ahsolutely impossible to assign any definite centre of 
gravity to the observed distribution of magnetisni over 
the northern regions of the earth; that, indeed, there 
was not in this sense any definite magnetic pole to the 
earth at all. Nor is there to our magnets. There is a 




Law of Invbrss SqiiABEs. 



■ polar region, but inttapole, and if there is no centre 
of gravity of the surface m ignetiam that you cau call a 
poie from whiuh tu measure distance, how about the law 
of inverse sqaares ? Allow me to show you an apparatus 
(Fig, 27), the ouly one I ever heard of in which the law 
of inverse squares is true. Ilere is a very long, thin 
magnet of steel, about three feet long, very carefully 
magnetized so as to have no leakage until quite close 

Kihe end. The consequence is that for practical 
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poles, about an inch away fr,.m the en<ia. The goulh 
pole is upwiini uiid the north pole is behiw, rufitiiig in 
a groove in a base-board which is gradnuled with a ecule, 
and is set in a direction east and west. I use a long 
magnet, and keep the south pole well away, so that it 
ehall not perturb the action of the north pole, which, 
being sniall, I aak to be tillowed to consider as a point. 
I am going to consider this point as acting on a small 
compass needle suspended over a card under this ghiss 
case, constituting a little magnetometer. If this were 
properly arranged in a room free from all other mag- 
nets, and set so that thiit needle shall point north, what 
will be the effect of having the north pole of the long 
magnet at some distance eastward ? It will repel the 
north end and attract the south, producing a certain de- 
flection which can be re;id off; reckoning the force 
which causes it by calculating the tangent of the angle 
of the deflection. Now, lot us move the north pole 
(regarded as a point) nearer or farther, and study the 
efl'ect. Suppose we halve the distance from the pole to 
the indicating needle, the deflecting force at half the 
distance is four times m ^reat; the force at double the 
distance is one-quarter as great. Wherefore ? Because, 
firstly, we have taken a case where the distance apart 
is very great, compared with the size of the pole; sec- 
ondly, the pole is practically concentrated at a point; 
thirdly, there is only one pole acting; and fourthly, 
this magnet is of hurd abeei, and its magnetism in no 
way depends on the thing it is acting on, but is con- 
stant. I have carefully made such arrangements that 
the other pole shall be ia the axis of rotation, so that 
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its action on the needle shall have no horizontal com- 
ponent. The apparatus is 9o arranged that, whatever 
the position of that north pole, the south pole, which 
merely slides perpendicularly up and down on a gnide, 
is vertically over the needle, and therefore does not tend 
to turn it round in any direction whatever. With this 
apparatus one can approximately verify the law of in- 
verse squares. But this is not like 
any electromagnet ever used for any 
useful purpose. You do not make 
electromagnets long and thin, with 
point poles a very large distance i"i 

away from the place where they | ', 

are to act; no, you use them with | \ 

large surfaces close up to their arm- ! '^ 

ature. i \ 

There is yet another case which ] \ 

follows a law that is not a law of in- [ \ 

verse squares. Suppose you take a ] V 

bar magnet, not too long, and ap- ^ " ^ 

proach it broadside on toward a ^le. ss— Deflbction of 
small compass needle; Fig. 28. Of m™ m- BBcTiJBKia on" 
course, you know as soon as you get 
anywhere near the compass needle it turns round. 
Did you ever try whether the effect is inversely pro- 
portional to the square of the distance reckoned from 
the middle of the compass ueedle to the middle of 
the magnet? Do you think that the deflections will 
vary inzersely with the aquiirea of the distances? 
You will find they do not. When yoc place the bar 
magnet like that, broadside ou to the needle, the da- 
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flections vary as the cube of the distance, not the 
square. 

Now, in the case of an electroniagiiet pulling at its 
armature at a distance, it h utterly imposBible to state 
the law in that miHleadiug way. The pull of the elec- 
tromagnet ou its armature ia not proportional to the 
distance, nor to the square of the diatunce, nor to the 
cube, nor to the fourth power, nor to the square root, 
nor to the throc-halfth root, nor to any other power of 




the distance whatever, direct or inverse, becanse you 
find, as a matter of fact, that as the distance alters some- 
thing else alters too. If your poles were always of the 
same strength, if they did not act on one another, if 
they were not affected by the distance in between, then 
some snch law might .be stated. If we could always 
say, as we used to say in the old lungnage, "at that 
pole," or " at that point," there are to be co*isidered so 
many "units of magnetism," and at that other place so 
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many units, and those are going to act on one another; 
then you could, if you wishetJ, calculate the force hy 
the law of inverse squares. But that does not corre- 
spond to anything in fact, because the poles are not 
points, and further, the quantity of magnetism on them 
is not a fixed quantity. Aa soon as the iron armature 
is brought near the pole of the elfictromasnet there is a 
mutual interiictiou ; more macriu'tic Imc:; Bow out from 



the pole thau before, because if i-; cajiitT for magnetic 
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lines to flow through iron than through air. Let ns 
consider a little more narrowly that which happens 
when a layer of air is introduced into the magnetic cir- 
cuit of an electromagnet. Here we have {Fig. ^9) a 
closed magnetic drcnit. a ring of iron, uncut, such as 
we experimented on hist week. The only reluctance in 
the path of the magnotic lines is that of the iron, and 
this reluctance we know to he Bmal!. Compare Pig. 29 
with Fig. 30, which represents a. divided ring with air- 
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gaps in bctwuen the severed ends. Now, air is bUbs 
permeable medium for magnetio lines thikn iron is, or, 
in other words, it offers a greater magnetic relnctance. 
The magnetic permeability of iron varies, as we know, 
both with its quality and with the degree of magnetic 
saturation. Befereace to Table III. shows that if the 
iron has been magnetized np so as to carry 16,000 mag- 
netic lines per square centimetre, the permeability at 
that stage IB about 320. Iron at that stage conducts 
magnetic lines 320 times better than air does; or air 
offers 320 times as much reluctance to magnetic lines as 
iron (at that stage) does. So then the reluctance in the 
gaps to magnetization is 320 times iis great as it would 
have been if the gaps had been filled up with iron. 
Therefore, if you have the same magnetizing coil with 
the same battery at work, the introduction of air-gaps 
into the magnetic circuit will, as a first effect, have the 
result of decreaBing the number of magnetic lines that 
flow round the circuit. But this first effect itself pro- 
duces a second effect. There are fewer magnetic lines 
going through the iron. Consequently if there were 
16,000 lines per square centimetre before, there will now 
ho fewer — say only 13,000 or so. Now refer back to 
Table III. and you will find thttt when B is 12,000 the 
permeability of the iron is not 320, but 1,400 or ho. 
That is to say, at this stage, when the magnetization of 
the iron has not been pushed so far, the magnetic re- 
luctance of air is 1,400 times greater than that of iron, 
BO that there is a still greater relative throttling of the 
magnetic circuit by the reluctance bo offered by the air^ 
gapfl. 
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Apply that to the case of an actual electromagnet. , 
Here is a diagram. Fig. 31, represeutiag a horBeahoe 
electromagnet with an armature of eijiial Boction in con- 
tact with it. The actual electromagnet for the experi- ' 
mant is here on the tahle. You can calculate out from 
the section, the length of iron and the table of permea- 




bility how many ampere turns of excitation will pro- 
duce any required pulL But now consider that same 
electromagnet, as in Fig, 33, with a small air-gap be- 
tween the armatnre and the polar faces. The samn I 
circulation of current will not now give yon as much I 
magnetism as before, because you have interposed air- i 
gaps, and by the ¥ery fact of pu ttiiig in reluctance there J 
the number of magnetic lines is reduced. 
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Try. it you like, to interpret this in the old way by 
the old notion of poles. The electromagnet has two 
pole«, and these excite induced poles in the opposite 
aurfuoi) of the armature, resulting in attraction. If 
you liinihlo the distance from the pole to the iron, the 
nmgnetio force (always supposing the poles are mere 
points) will bo oue-qnarter, hence the indnced pole on 
the armature will only be one-quarter as strong. Bnt 
the pole of the electromagnet is itaelf weaker. How 
niuoh weaker? The law of inverse squares does not 
give you the slightest clue to this all-important fact. If 
yoH ciinnot say how much weaker the primary pole is, 
neither can you suy how mueli weaker the indnced pole 
will bO) for the latter depends upon the former. The 
law of inverse sfjuiires in a case like this is absolutely 
mislowling. 

Moreover, a third effect comes in. Not only do you 
cut down the magnetism by making an air-gap, but you 
' have a new consideration to take into account, fie- 
Ciiuse the magnetic lines, as they puss up through one 
of the air-gaps, along the nrraatnre, down the air-gap at 
the other end, encotintcr a consideruble reluctance, the 
whole of the magnetic lines will not go that way; a lot 
of thorn will take some shorter cut, although it may be 
all through air, and you will ha«e some leakage across 
from limb to limb. I do not say you never have leakage 
under other circunist mces; even with an armature in 
apparent contact there is always a certain amount of 
sideway leakage. It depends on the goodness of the 
contact. And if you widen the air-gaps still further, 
you will have still more reluctance in the path, and still 
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leBB magnetism, and still more leakage. Fig. 33 rougbly 
indicutes this further stage. The armature will be far 
lesB strongly pulled, because, in the first place, the In- 
creaeed reluctance strangles the flow of magnetic lines, 
eo that there are fewer of them in the magnetic cir- 




cuit; and, in the second place, of this leaser nnmlter 
only a fraction reach the armature because of the in- 
creased leakage. When yon take the armature entirely 
away the only maguetic lines that go through the iron 
are those that flow by leakage across the air from the 
one limb to the other. This is roughly illustrated by 
Fig. 34, the last of this set. 
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Lieakage across from linili to linib is alwiiys u waste of 
the magnetic lines, so far aa useful purposes are con- 
cerned. Theretoro it is clear that, in order to atndy 
the effect of introdncing the distance between the arma- 
ture and the magnet, we have to take into account the 
leakage; and to calculate the leakage is no eaar matter, 
I There are so many conoi derations that occur as to that 
which one htis to take into account, that it is not easy 
to choose the right ones and leave the wrong ones. 
Calculations we must make by and by — they are added 
as an appendix to this lecture — but for the moment ex- 
periment seems to be the best guide. 

I will therefore refer, by way of illustrating this ques- 
tion of leakage, to some exjieriments made by Sturgeon. 
Sturgeon had a long tubular electromagnet made of a 
piece of old musket barre] of iron wound with a coil; 
he put a compass needle about a foot away, and observed 
the effect. He found the compass needle deflected about 
23 degrees; then he got a rod of iron of equal length 
and put it in at the end, and found that putting it in 
so that only the end was iiitrodnced — in the manner I 
am now illustrating to you on the table — the deflection 
increased from 33 degrees to 37 degrees; but when ho 
poshed the iron right home into the gun barrel it went 
back to nearly 23 degrees. How do you account for 
that ? He had unconsciously increiised its facility for 
leakage when he lengthened out the iron core. And 
when he pushed the rod right Lome into the barrel, the 
extra leakage which was dne to the added surface could 
not and did not occur. There was additional crosB- 
Bection, hut what of that ? The additional cross-section 
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is practically of no account. You want to force the 
magnetism across some 20 iiiclioB of air wliich resists 
from 300 to 1,000 times as muoh as iron. What is the 
use of doubling the section of the iron ? You want to 
reduce the air reluctance, and jou have not reduced the 
air by putting a core into the tube. 

There is a, patadoxical experiment which we will try 
next week that ilhistniteB an important principle. If 
you take a tubular electronia^et and put little pieces 
of iron into the ends of the iron tube that serves as 
core, and then magnetize it, the little pieces of iron will 
try to push themselves out. There is always a tendency 
to try and increaBe the completenesH of the magnetic 
circuit; the circuit tends to rearrange itself bo as to 
make it easier for the magnetic lines to go round. 

Here is another paradox iciil experiment. I have here 
a bar electromagnet, which we will connect to the wires 
that bring the exciting current. In front of it, and at 
a distance from one end of the iron core, is a small com- 
pass needle with a feather attached to it aa a visible in- 
dicator so that when we turn on the current the elec- 
tromagnet will act on the needle, and you will see the 
feather tnrn round. It is acting there at a certain dis- 
tance. The magnetizing force is mainly spent not to 
drive magnetism round a circuit of iron, but to force it 
through the air, flowing from one end of the iron core 
out into the air, passing by the compass needle, and 
streaming round again, invisible, into the other end of 
the iron core. It ought to increase the flow if we can. 
in any way aid the magnetic lines to flow through the 
air. How can I aid this flow? By putting on some- 
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thinp at the other end to help the magnetic lines to get 
back home. Here is a flat piece of iron. Pntting it on 
here itt the hinder end of the core ought to help the 
flow of magnetic lines. You see that the feather makes 
a nttlier larger excurBion. Taking away the piece of 
iron diminishes the effect. So also in experiments on 
tniotive power, it ca,n be proved that the adding of a 
mass of iron at the far end of a straight electromagnet 
greatly increases the pulling power at the end that you 
are working with; while, on the other liand, putting the 
same piece of iron on ihe front end as a polo piece 
greatly diminishes the pull. Here, clamped to the table, 
is a bar electromagnet escited by the current, and here 
is a small piece of iron attached to a spring balance by 
means of which I can measure the pull required to de- 
tach it. With the current wliich I am employing the 
pull is about two and a half pounds. I now place upon 
the front end of the core this block of wrought iron; it 
is itself strongly held on; but the pull which it itaelt 
exerts on the small piece of iron is small. Less than 
half a pound suffices to detach it. I now remove the 
iron block from the front end of the core and place it 
upon the hinder end. And now I find that the force 
required to detacli the small piece of iron from the 
front end is about three and a half pounds instead of 
two and a half pounds. The front end exerts a bigger 
pull when there is a mass of iron attiiched to the hinder 
end. Why ? The whole iron core, including its front 
end, becomes more highly magnetized, because there is 
now a better way for the magnetic lines to emerge at 
the other end uud come round to this. In short, we 
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have diminished the magnetic reluctunce of the air p»rt 
of the magnetic circuit, and the flow of magnetic linea 
in the whole magnetic circuit is thereby improved. So 
it was also when the mass of iron was placed across the 
front end of the core; but the magnetic lines streamed 
away backward from its edges, and few were left in 
front to act upon the email bit of iron. So the law of 
magnetic circuit action explains this anomalous behavior. 
Facts like those have been well known for a long time 
to those who have studied electromagnets. In Stur- 
geon's book there is a remark that bar magnets pull 
better if they are armed with a mass of iron at the dis- 
tant end, though Sturgeon did not see what we now 
kuow to be the explanation of it. The device of fasten- 
ing a mass of iron to one end of an electromagnet in 
order to increase the magnetic power of the other end 
was patented by Siemens in 1362. 

We are now in a position to understand the bearing 
of some curious and important researches made about 
40 yeiirs ago by Dr. Julius Dab, which, like a great many 
other good things, lie buried in the back volumes of 
Ptiijgendorff'g Annalen, Some account of them ia also 
given in Dr. Dub's now obsolete book, entitled "Elek- 
tromagnetis mu 8. " 

The first of Dnb'a experiments to which I will refer 
relates to the difference in behavior between electro- 
magnets with flat and those with pointed pole ends. He 
formed two cylindrical cores, each six inches long, from 
the same rod of soft iron, one inch in diameter. Either 
of these could be slipped into an appropriate magiietiz- 
coiL One of them had the end left flat, the other 
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^^^V li&d its end pointed, or, mther, it vaa coned down until 1 
^^^B the flat end wiib left only half an inch in diameter, ])o&- 1 

^^^H aessiiig therefore only one-fuurth of the amount oF con- ■ 
^^^^K tact surface which the other core possessed. As an 1 
^^^B armature there was used another piece of the same soft 1 
^^^V iron rod, 12 inches long. The pull of the electromag- 1 
^^^H net on the armature at different distances was carefully I 
^^^1 meusured, with the following results: 1 


^^^^f Dletaoce apart in iachen. 


PuU OR Flat Pole 

(liW.). 


PuU on Pointed Pols B 

(Dm.)- ■ 




i 


a 

98 


1 

i 


i 


^^H These results are plotted out in the curves in Fig. 35. 
^^^1 It will be seen that in contact, and at very short dis- 
^^^B tances, the reduced pole gave the greater pull. At 
^^^B ahout ten mils distance there was equality, hut at all 
^^^B distances greater than ten mils the Hat pole had the 
^^^H advantage. At small distances the concentration of 
^^^H magnetic lines gave, in accordance with the law of truc- 
^^^F tion, the advantage to the reduced pole. But this ad- 
W vantage was, ut the greater distances, more than out- 
[ weighed by the fact that with the greater widths of 
^^^ air-gap the use of the jiole with larger face reduced the 
^^^L magnetic reluctance of the gap and promoted a larger 
^^^^1 flow of magnetic lines into the end of the armature. 
^^^^1 Dub's next experiments relate to the employment of 
^^^B polar extensions or pole-pieces attached to the core. 
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These experimente nre so curious, so hq expected, uiilesB I 
you know the reasons why, that I invite your espec 
attention to them. If an engineer had to make a firm 
joint between two pieces of mfttiil, and he feared that a 
mere attachment of one to the other was not adequately 
strong, his tirst and most natural impulse would be to 




enlarge the parts that come together — to give one, as it I 
were, a broader footing against the other. And that is i 
precisely what an engineer, if uuinstructed in the true j 
principles of magnetism, would do in order to make a 
electromagnet stick more tightly on to its armature. 1] 
would enlarge the ends of one or both. He would add I 
pole-pieces to gire the armature abetter foothold. M"oth- ' 
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ing, as you will see, could be more disastrous. Dub em- 
ployed in these experimeiita a straight electromagnet 
having a cylindrical soft iron core, one inch in diameter, 
twelve inches long; and as armature a piece of the same 
iron, six inches long. Both were flat ended. Then six 
pieces of soft iron were prepared of various sizes, to 
serve as pole-pieces. They could be screwed on at will 
either to the end of the magnet core or to that of the 
armature. To distinguish them we will call them by 
the letters A, B, 0, etc. Their dimensions were as fel- 
lows, the inches being presumably Bavarian inches: 



Piece. 


Diameter. 


Length. 




Inches. 


Inches. 


A 


2 


1 


B 
C 


in 


f" 


D 


2 


^ 


E 


m 


1 


F 


1 


2 



Of the results obtained with these pieces we will select 
eight. They are those illustrated by the eight collected 
sketches in Fig. 3G. The pull required to detach was 
measured, also the attraction exerted at a certain dis- 
tance apart. 



Experiment. 


On Magnet. 


On Armature. 


Traction. 


Attraction. 


I 


None. 
D 


None. 

N()m^ 


48 
30 


22 


II 


10 


Ill 


E 


None. 


S2 


11.5 


IV 


C 


None. 


.3.5 


13.5 


V 


D 


A 


20 


7.5 


VI 


X' ine. 


n 


50 


25 


VII 


None. 


D 


43 


25 


VIII 


None. 





50 


18 
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It will be noted that, in everj raise, putting on s, pole- 
piece to the end of the magnet diminished both the pull 
in contact and the attrnctioii lit a distance ; it simply 
promoted leakage and dlssiputLoti of the iiiagiietio lines. 



K pieces 

the la; 
I anl srged 
^^^ed t 




Fm. SB.— Ddb'h EiPBHiiiaNTS with Polk-Pikc 



Avoret oaae of all was that in which there were pole- 
pieces both on the magnet and on the armature. In 
the last three cases the pull was increased, but here the 
enlarged piece was attached to the armature, so that it 
1 those magnetic lines which came up into it to 
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flow back liiterally to the bol.toin end of the electromag- 
net, while thiiB reduuiTig the miignetio rehictauce ot the 
retnm path through the air, and eo, increasing the totiil 
number of magnetic lines, did not spread unduly those 
that isBiiod up from the end of the core. 

The nest of Dub's results relate to the effect of add- 
ing these pole-piecea to an electromagnet 13 inches 
long, which was being employed, 
broadside on, to deflect a. distant 
compuBS needle (Fig. 37). 

Pole-plpoe Deflection 



3i 



Id another set of experiments 
of the same order a permanent 
magnet of ateel, having poles n s, 
was slung horizontally byabifilar 
BuspGnsion, to give it a strong 
EapBBnotMT tendency to set m a particular 

direction. At a short distance 
laterally was fixed the same biir electromagnet,- and 
the same pole-pieces were again employed. The re- 
sults of attaching the pole-pieces at the near end are 
not very conclusive; they slightly increased the deflec- 
tion. But in the absence of information as to the dis- 
tance between the steel magnet and the electromagnet, 
it is diRicult to assign proper values to all the causes aA 
work. The rytiuHs were: 



LECTUKES ON THE ELECTROMAQNET, 



WeeroM), 



When, however, the pole-pieceB were attached to the 
distant end of the electromagnet, where their effect 
would undoubtedly be to promote the leakage of mag- 




netic lines into the air at the front end without much 
affecting the distribution of those lines in the spuce in 
the pole, the action was more marked. 

ilece DeUecdoD 
Hi. (degri-eBl. 

« B,5 
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Still confining ourselves to straight electromagnets, I 
now incite your attention to some experiments made in 
1862 by the late Count Dn Monoel us to the effect of 
ndding a polar expansion to the iron core, lie used us 
his core a small iron tube, the end of which he could 
close up with an iron ping, and around which he placed 
an iron ring which fitted closely on to the pole. He 
used a Bpocittl lever armugement to nieaaure the attrac- 
tion exercised upon an armature distant in all cases one 
millimetre from the pole. The results were as follows: 





"Si-' 
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10 






Core proTliled with man iZiroD nC dlBtunC eD<1 . 
with Iroi. flue 
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After hunting up these researches it was extremely 
interesting to find that bo important a fact had not 
escaped the observant eye of the original inventor of 
the electromagnet. In Sturgeon's "Experimental Ee- 
searches" {p. 113) there is a foot note, written appar- 
ently about the year 1832, which runs as follows : 

"An electromagnet of the above description, weighing 
three ounces, and furnished, with one coil of wire, supported 
14 pounds. The poles were afterward made to expose a 
large surface by welding to each end of the cylindrio bar a 
square piec« of good soft iron ; with this alteration only the 
lifting power wns reduced to about five pounds, although 
the magnet was annealed as much as possible." 

We saw that this straight electromagnet, whether 
used broadside on or end on, could act on the cnnipass 
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needle at some distance from it, imd deflect it. laf 
those experimenta there was no return path for tbe-1 
magnetic lines that fluwed through the irou core saval 
that afforded by the surrounding air. The lines flowed I 
round in wide-sweeping curves from one end to the I 
other, as hi Fig. 20; the magnetic field being quite ex- 
tensive. Now, whiit will happen if we provide a return 
path? Suppose I snrrouud the electromagnet with an 
iron tube of the samu length as itself, the lines will flow 
along in one direction through the core, and will finda 
an easy path back along the outside of the coil. Will J 
the magnet thus jacketed pull more powerfully or leeB^I 
on that little suspended magnet ? I should expect it toJ 
pull less powerfully, for if the magnetic lines have AM 
good return path here through the iron tube, why should I 
they force themselves in such a quantity to a distance"! 
through air in order to get home ? No, they will natu- J 
rally return abort back from the end of the core into! 
the tubular iron jacket. That is to say, the action at a 
distance ought to be diminished by putting on that iron 1 
tube outside. Here is the experiment set up. And yoa] 
see that when I turn on thcs current my indicating! 
needle is scarcely affected at all. The iron jacket causeR'! 
that magnet to have much less action at a diatancft! 
Yet I have known people who actually proposed to usflfl 
jacketed magnets of this sort in telegraph instrumentBil 
and in electric motors, on the ground that they givftl 
a bigger pull. You have seen that they produce less! 
action at a distance across air, but there yet remains thai 
question whether they give a bigger pull in contact f>l 
IB, undoubtedly they do; because everything that isS 
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helping the magnetiBm to get round to the other end 
increiises the goodness of tlie magnetic circnit, and 

therefore iucrettsea the total magnetic flux. 

We will try this experiment upon another piece of 
apparatus, one that has been used for some years at the 
Finsbury Technioal College. It eonsists of a straight 
electromagnet set upright in a bHse-bourd, over which is 
erected a light gallowa of wood. Across the frame of 
the gallows goes a winch, on the axle of which is a 
small pnlley with a eord knotted to it. To the lower 
end of the cord is hung a common spring balance, from 
the hook of which depends a small horizontal disc! of 
iron to act as an armature. By means of the winch I 
lower this disc down to the top of the electromagnet. 
The current is turned on: the disc is attracted. On 
winding up the winch I increase the upper pull until 
the disc is detached. See, it required about nine pounds 
to pull it off. I now slip over the electromagnet, with- 
out in any way attaching it, thia loose jacket of iron— a 
tube, the upper end of which stands flush with the 
upper polar sorface. Once more I lower the disc, and 
this time it attaches itself at its middle to the central 
pole, and at its edges to the tube. What force will now 
be required to detach it ? The tube weighs about one- 
half pound, and it is not fixed at the bottom. Will 
9i pounds suflUce to lift the disc ? By no means. My 
balance only measures np to 34 pounds, and even that 
pull will not suffice to detach the disc. I know of one 
case where the pull of tlie straight core wiis increased 
16-fold by the mere addition of a good return path of 
iron to complete the magnetic circuit. It is curious how 
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often tho nse of a. tabular jacket to an electromagnet 
has been reiuvented. It dates back to about 1850 and 
has been variously claimed for ItomerBhausen, for Quil- 
lemin, and for Fabre. It is described iu Davis' " Mag- 
netism," pablislied in Boston in 1835. About sixteen 
years ago Mr. Faulkner, of Mancbeeter, revived it under 
the name of the Altimdue electromagnet. A discuseion 
npou jiiekcted eleetromagneta took pliice in 1876 at the 
Society of Telegraph Engineers; and in the same year 
Professor Gniham Bell used the same form of electro- 
magnet in the receiver of the telephone which he oihib- 
ited at the Centennial Exhibition. But the jacketed 
form is not good for anything o.xcept increasing the 
tractive power. Jacketing an electromagnet which 
already poasesseB a retnrn circuit of iron is an absurdity. 
For this reason the proposal made by one inventor to 
put iron tubes outside the coils of a horseshoe electro- 
magnet is one to be avoided. 

We will take another paradox, which equally can be 
explained by the principle of the magnetic circuit. Sup- 
pose you take an iron tube as an interior core; suppose 
yon cut a little piece off the end of it; a mere ring of 
the same size. Take that little piece and lay it down 
on the end. It will be struck with a certain amount of 
pull. It will pull ofE easily. Take that same round 
piece of iron, put it on edgewise, where it only touches 
one point of the circumference, and it will stick on a 
good deal tighter, because it is there in a position to 
increase the magnetic flow of tho magnetic lines. Con- 
centrating tho flow of magnetic lines over a small sur- 
t&ce of contact increases B at that point and BS in- 
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I tegrated over the lesser area of the coiituct, gives a total 
L bigger imll thiiii is the ciise when the edge is touched 
Lftll round Hgainst the edge of the tube. 

Here is a, Btill more curious experiment. I use a cyl- 

I Indricsl electromagnet set up on em\, the core of which 

a lit the top a flat, circular pohir surface, about two 

I iiicheB in diameter. I now take u round disc of thin 

iron — ferrotype or tin-pbito will answer quite well — 

1 little BUialler than the polar face. Whnt will 

happen when this disc is laid down flat and centrally on 

the polar face ? Of course you will 

say thut it will stick tightly on. If 

it does BO, the magnetic lines which 

come ill through its under surface 

will paB8 through it and come out on 

its upper surface in large quantities. 

It is clear that they cannot all, or even 

Tta. «.-Kx™»iK»KT any tjonsiderable proportion of them, 

*T'i2!'N°Ri!r<i ^" ^'""''■g*' sidewise through the edges of 

the thill disc, for there is not sub- 

I stance enough in the disc to can-y so many magnetic 

I lines. As a matter of fact the magnetic Hnes do come 

r through the disc and emerge on its upper surface, mak- 

I ing indeed a magnetic field over its upper surface that 

lis nearly as intense as the magnetic field beneath its 

Luiiditr surface. If the two magnetic fields were exactly 

I of equal strength, the disc ought not to be attracted 

Iflithor way. Well, what is the fact ? The fact, as you 

■ flee now that the current has been turned on, is that the 

Fdisc absolutely refuses to lie down on the top of the 

If I hold it down with my finger, it actually 
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bends itself up and requirea force to keep it down. I 
lift my finger, and over it flies. It will go anywhere 
in its eifort to better the magnetic circuit rather than 
lie flat on top of the pole. 

Next I invite your attention to some experiments, 
originally due to Von Koike, published in the Antiitlett 
40 years ago, respecting the distribution of the magnetic 
lines where they emerge from 
the polar surface of an electro- 
magnet. I cannot enumerate 
them all, but will merely illus- 
trate them by a single exam- 
ple, llero ia a straight electro- 
magnet with a cylindrical, fliit- 
ended core (Fig, 41). In what 
way will the magnetic lines 1 
distributed over it at the en ! 
Fig. 26 illustrates roughh Hi 
way in which, when there ii no 
return path of iron, the mag ^.^^ _^ „ _j^ 

netic lines leak through the tr t ■< with nh* l iron 
air. The main leakage is ^"^ 
through the ends, though there is some at the sides 
also. Now the (jue'ition of the end distribution we 
shall try by nsing a small bullet of iron, wliich will 
be placed at different points from the middle to the 
edge, a spring balance being employed to measure the 
force required to detach it. The pull at the edge is 
much stronger than at the middle, at least fonr or five 
times as great. There is a regular incre:ise of pull from 
the middle to the edge. The magnetic lines, in trying 
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to complete their own circuit, flow most numerouBly in 
that direction where tliey can go fiirthoet through iron 
on their journey. Thoy leak out more stroDgly at all 
L edges and corners of a, polar surface. They do not flow 
[■ out so strongly at the middle of the end surface, other- 
wise thfiy would have to go through a larger air circnit 
to get huck home. The iron is consequently more sat- 
urated round the edge than at the middle; therefore, 
with a very small magnetizing force, there is a great 
V disproportiou butwutiti pull at the middle and that ut 
I the edges. With ii very large magnetizing force you do 
not get the same disproportion, hecause if the edge is 
already far saturated you cannot hy applying higher 
magnetizing power ineraase its magnetization much, 
but you can still force more lines throngh the middle. 
The consequence is, if you plot out tlie results of a euo- 
cessiou of experiments of the pull at different points, 
the curveB ohtiuned are, with larger magnetizing forces, 
more nearly straight than iire those obtained with small 
magnetizing forces. I have known cases where the pull 
at the edge was six or scTen times as great as in the 
middle with a small magnetizing power, hut with larger 
power not more than two or three times as great, al- 
though, of course, the pull all over was greater You 
can easily ohserve this distinction hy merely putting a 
polished iron hall upon the end of the electromagnet, as 
in Fig. 43. The hall at once rolls to the edge and will 
not stay at the middle. If I take a larger two-pole 
electromagnet (like Fig. 11), what will the case now be? 
Clearly the ghortest path of the magnetic lines through 
the air is the path just across from the edge of one 
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polar SDrface to the edge of the other between the 

poles. The lines are moBt dense in the region where 

thoy iirch over in as short an arch as possible, and they 

will be less dense along the 

longer paths, which arch more 

widely over. Therefore, iia 

there is a greater tendency to 

leak from the inuer edge of 

one pole to the inner edge of 

the other, and less tendency 

to leak from the outer edge of 

one to the outer edge of the 

other, the biggest pull ought ^ , , „ . 

' *&. , , Flu, 4a.-lHuB BiLL Attracted 

to be on the inner eugea of to Enan of Poija facb. 
Hie pole. We will now try it. 

On putting the iron ball anywhere on the pole it im- 
mediately rolls until it standa perpendicularly over the 
inner edge. 

The magnetic behavior of little iron balls is very curi- 
ous, A smalt round piece of iron does not tend to move 
at all in the most powerful magnetic Held if that mag- 
netic field is uniform. All ttat a small ball of iron 
(lends to do is to move from a place where the magnetic 
field is weak to a place where the magnetic field is 
strong. Upon that fact depends the construction of 
several important instruments, and also certain pieces 
of electromagnetic mechanism. 

In order to study this quesLiou of leakage, and the 
relation of leakage to pnll, still more incisively, I de- 
vised some time ago a small experiment with wliich a 
group of my students at the Technical College have 
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been diligently experimenting. Ilere (Fig. 43) is a 
lloraoehoe electromagnet. The core is of soft wrought 
iron, wound with a known number of turns of wire. It 
is provided with an armature. We have also wound on 
three little exploring coiia, each consisting of five turns 
of wire only, one, C, right down at the bottom on the 
bend; another, li, right round the pole, close up to the 
armature, and a third, J,(ii'ound the middle of the arma- 
ture. The object of these 
is to ascertiiin how much 
of the magnetism which 
was created in the core by 
the magnetizing power of 
these coila ever got into the 
armature. If the armature 
is at a considerable diGtance 
away, there ie naturally a 
great deal of leakage. The 
coil C around the bend at 
the bottom is to catch all 
the magnetic linee that go 
through the iron; the coil 
II at the poles is to catch uU that have not leaked outside 
before the magnetism hrts crossed the joint; while the 
coil -I, right around the middle of the armature, catches 
all the lines that actually pass into the armature, and 
pull at it. We meiiauro by means of the ballistic gal- 
vanometer and these three exploring coils how much 
mngnetism gets into the nrmature at different distances, 
and are able thus to determine the leakage, and compare 
e amounts with the calculations made, and with the 
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attractions at different distances. The amount of mag- 
netism that gets into the armature does not go by a law 
of inverse squares, I can assure you, but by quite other 
laws. It goes by laws which can only be expressed as 
particular cases of the law of the magnetic circuit. The 
most important element of the calculations, indeed, in 
many cases is the amount of percentage of leakage that 
must be allowed for. Of the magnitude of this matter 
you will get a very good idea by the result of these ex- 
periments following. 

The iron core is 13 millimetres in diameter, and the 
coil consists of 178 turns. The first swing of the gal- 
vanometer when the current was suddenly turned on or 
off measured the number of magnetic lines thereby sent 
through, or withdrawn from, the exploring coil that is 
at the time joined to the galvanometer. The currents 
used varied from 0.7 of an ampere to 5.7 am})('re8. Six 
sets of experiments were made, with the armature at 
different distances. The numerical results are given 
below : 

I. — ^WITH WEAK CURRENT (0.7 AMPERE). 



In contact 

L ^ ( 1 mm 
|£i§! 2mm 
C5^S1 6 mm 
< "^ 1 10 mm 
Bemoyed 



A 


B 


C 


V2,rm 


13,870 


14,190 


1,5.52 


2,1(W 


3,786 


1,149 


1,487 


2,839 


1,014 


1,081 


2,028 


(J7G 


1,014 


1,6IK) 




G75 


1,:352 
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II.— STRONGBR CTBRENT (1.7 AMI^BKS). 



In contact.. .. 

1 mm. 

2mm. 

5 mm. 

10 mm. 



2* 



11= = 
Removed. 



18,240 

2,570 

2,366 

1,352 

811 



B 


C 


19,500 


20,283 


3,381 


5,406 


2,839 


5,078 


2,299 


5,949 


1,359 


8,381 


1,306 


8,041 



in. — STILL STRONGER C7URBENT (3.7 AMPtSLBS). 



Inconta< 

a • 


3t 


1 mm 


C ^ 00 V 


2 mm 




5 mm 


^*^^5 


10 mm 


Removed 


I 



20,940 
5,610 
4,597 
2,569 

1,149 



22,280 
7,568 
6,722 
8,245 
2,704 
2,366 



22,960 
11,831 
9,802 
7,486 
7,098 
6,427 



IV. — STRONGEST CURRENT (5.7 AMP^RES). 



• 


A 


B 


C 


In contact 


21,980 
8,110 
5,611 
4,056 
2,029 


23,660 
10,810 
8,464 
6,278 
4,057 
3,581 


24,040 


t • 


r 1 mm 


17,220 


rma 
:ure 
dis- 
uice 


2 mm 


15,886 


5 mm 


12,627 


<^ ^ 


10 mm 


10,142 


Removec 


1 


9,796 





These numbers may be looked upon as a kind of 
numerical statement of the facts roughly depicted in 
Figs. 31 to 34. The numbers themselves, so far as they 
relate to the measurements made (1) in contact, (2) with 
gaps of one millimetre breadth, are plotted out on Fig. 
44, there being three curves. A, B and C, for the meas- 
urements made when the armature was in contact^ and 
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three otherB, Ai, Bi, Or, made at the one millimetre dis- 
tance. A dotted line gives the plotting of the minibera 
for the coil C, with different currents, when the arma- 
tnre was removed. 

On examining the iiumberB in detail we observe that 
the largest number of magnetic lines forced round the 
bend of the iron core, throngh the coil C wiis 24,04U 
(the cross-section being a little over one square centi- 
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metre), which wtia when the armature was in contact. 
When the armature was away the same magnetizing 
power only evoked 9,71)5 lines. Further, of those 24,- 
040, a3,(itiO (or 98^ per cent.) eame up through the polar 
surfaces of contact, and of those agiiin 21,980 (or 924 P^"^ 
cent, of the whole number) p:issed through the arma- 
ture. There was leakage, then, even when the armature 
was in contact, but it amounted to only 7^ per cent. 
r, when the armature was moved hut one niiUiinetr$ 
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{i. e., one twenty-fifth of an inch) away, the f 
the air-giips had this grsnt effect, that the total mag- 
netic fiiix wjia at once choied down from 24,040 to 17,- 
220. Of thut number only 10,810 {or 61 per cent.) 
reiwhed the polar Burfaces, and only 8,110 (or 47 per 
cent, of the total number) succeeded in going through 
the armuture. The leakage in this case was 53 per 
cent. ! With a two millimetre gap the leakage was 65 
per cent, when the strongest current was used. It wia 
68 per cent, with a five milliinetre gap, and 80 per cent, 
with a 10 millimetre gap. It will further be noticed 
that while a current of 0.7 ampere sufficed to send 12,- 
506 lines through the armature when it was in contact, 
a current eight times as strong could only succeed in 
Bending 8,110 lines when the armature was distant by s 
aingle millimetre. 

Such an enormous diniinutioa in the magnetic flux 
through the armature, c&n8e<(uent upon the increased 
reluctance and increased ItHikage occasioned by the pres- 
ence of the air-gaps, proves how great is the reluctance 
offered by air, and how essential it is to have some prac- 
tical rules for ealcniating reluctances and estimating 
leakages to guide us in designing electromagnets to do 
any given duty. 

The calculation of magnetic reluctances of definite 
portions of a given material are now comparatively 
easy, and. thanks to the formnlte of Prof. Forbes, it is 
now possible in certain cases to estimate leakages. Of 
these methods of calculation an abstract will be given 
in the appendix to this lecture. I have, however, found 
Torbes' rules, which were intended to aid the design of 
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d}riismo machinee, not very convenient for the common 
caeeB of electromtigcets, and have therefore cnat ubout 
to diacover some mure apposite mode of ealcuLitian. To 
predetermine the probahie percentage of leakage one 
mnst first distinguish between those magnetic lines 
which go usefully through the armature (and help to 
pull it) and those which go iiBtraj through the sur- 
rounding air and are wasted so far iis any pnll is con- 
cerned. Having set up this distinction, one tlien needs 
to know the relative magnetic oondnctauee, oi iiermeanee, 
along the path of the useful lines, and that along the 
innumerable paths of the wasted lines of the stray field. 
For (as every eleetrician accuBtomed to the problems 
of shunt circuits will recognize) the quantity of lines 
that go respectively along the useful and wasteful paths 
will be directly proportional to the conductances (or 
permeances) along those paths, or will be inversely pro- 
portional to the respective resistances along those paths. 
It is customary in electromagnetic calculations to em- 
ploy a certain coefiicient of allowance for leakage, the 
symbol for which is >\ such that when wo know the 
number of magnetic lines that are wanted to go through 
the armature we must allow for v times as many in the 
magnet core. Now, if u represents permeance along the 
useful path, and w the permeance of all the waste paths 
along the stray field, the total flux will be to the use- 
ful flux as M -f w is to u. Hence the coefficient of 
allowance for leakage i' is equal to u -f- w divided by v. 
The only real difficulty ia to calculate w and w. In gen- 
eral u is easily calculated; it is the reciprocal of the 
Bnm of all the m;ignetic reluctances along the useful 
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path from pole to pole. In the case of the electronittg- 
net used in the experiments last described, the magnetic 
reluutances along the useful path are three in number, 
that of the iron of tlie armature and those of the two 
air-gaps. The following formula is applicable. 



^1 



2h 



if the data are specified in centimetre measure, the Buf- 
fiiea 1 and 2 relating respectively to the iron and to the 
air. If the data are specified in inch measures the for- 
mula becomes 

r.-olTin+nilnD ft 'Jll* J '1 



reluctance = 0.:J132 J — ~ 
( A I. 



■ + VA 
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easy to calculate the reluctance (or its 
reciprocal, tlje permeance) for the 
waste lines of the stray field, be- 
Ciiuee the paths of the magnetic 
Hues spread out so extraordinarily 
and bend round in curves from 
pole to pole. 

Fig. 45 gives a very fair repre- 

aentation of the spreading of the 

lines of the stray field that leaks 

across between the two limbs of a 

horseshoe electromagnet made of 

round iron. And for square iron 

FBOM o»H ci-LiNDaicii. the flow Is ifluch thc SEme, excopt 

that it is concentrated a little by 

the comers of the metal. Forbes' rules do not help us 

here. We want a new mode of considering the subji 
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The problems of flow, whether of lieat, electricity or 
of magnetism, in ajiane of tlirce dimensious, are not 
among the most easy of geometric«l exerciaea. How- 
ever, some of them ha,Ye heeii worked out, and may be 
made applicable to our present need. Consider, for 
example, the electrical problem of finding the resistance 
which an indefinitely extended liquid (say ii solution of 
sulphate of copper of given density) oflera when acting 
aa a conductor of electric cnrrcnta flowing across between 
two indefinitely long parallel cylinders of copper. Fig. 
45 may be regarded as representing a transverse section 
of snch an arrangement, the sweeping curves represent- 
ing lines of flow of current. In a simple ooise like this 
it is posaibio to find an accnrate expresaion for the re- 
sistance (or of the conductance) of a layer or stratum of 
unit thickness. It depends on the diameters of the 
cylinders, on their distance apart, and on the apecific 
conductivity of the medium. It is not by any means 
proportional to the diatance between them, being, in J 
fact, almost independent of the distance, if that is I 
greater than 20 times the perimeter of either cylinder. J 
Neither is it even approximately proportional to the [ 
perimeter of the cylinders except in those cases when ] 
the shorteat distance between them is less than a tenth. | 
ptitt of the perimeter of either. The resistance, for J 
imit length of the cylinders, is, in fact, calculated out f 
by the rather complex formula: 

Ji = — log. n.a.t.h; 



+ -ia~-^ l^i^ 



1143 



LECTURES ON THE ELECTROMAGNET. 



Lthe Bymbol a standiug for the rudius of the cjliuder; 6 
Lfor the shortest distance eepamtiiig them; /i for the 
I pemieiibility, or in the electric case the specific cotiduc- 
I tivity of the medium. 

'Nov, I happened to cotiee, us a matter that greatly 
kiimplifies the calcuktioii, that if we confine our atten- 
ttion to a trauBverse layer of tlie medium of given thick- 
ness, the resistance be- 
tween the two bits of the 
cylinders in that layer 
depends on the ratio of 
the shortest distance sep- 
arating them lo their 
periphery, and is inde- 
pendent of the absolute 
size of the system. If 
yon have the two cylin- 
ders an inch round and 
an inch between them, 
then the resistance of t!ie 
slab of medium {of given 
thickness) in which they 
lie will he the same as if 
B|ibey were a foot round and a foot apart. Now that aini- 
nilifies matters very much, and thanks to my friend and 
Termer chief assistant, Dr. R. Mullineux Walmsley, who 
jidevoted himself to this troublesome calculation, 1 iim 
3 to give you, in tabular form, tho magnetic rcsist- 
mces within the Umite of proportion that are likely to 
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Table Tin.—lUjuwBno ReldctjIHCii or Ar 
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Note.— In the aboTB lahle,iinlt leng:thot oyUiiijen'ieaHsuniedll centimetre 
in GolamDB S nnd 3 ; 1 ioch in columnit 4 and S) ; the Oow of mo^etic Liai^H 
IwingrackoDedB-ilna slab oF inflnlle extent and of unit thickness. Bym- 
bob : p = pBrimaWr of cyliurjer ; 6 = shorteat diatanoe botween cjilnderH. 
In «>lBmn8 S «nd S the unit reiuetanoa Is tJial of a centimetre cube of air. In 
columns 4 aod S the nnit reluctance is so cbosra las in Ibe rest of these lec- 
tum wlierever such meamirm are used) that the redunion of unpAre tunia 
lo magneW-motivB force bj miiltipljing by4F-i-10 ia SToided. This will 
make the reluctance of Ibe inch cube of air equal to 10 -^ 4ii -<- S.M = Q.SlSa, 
and Its penneaDce as S.lSBl. 

The DumberB from colnmna 1 and 2 of the preceding 
table are plotted out grapbically in Fig. 4(1 for more 
ooiiveiiieiit reference. As iiii example of the use of the 
table we will tuke the following: 

ExAMPT.R. — Find the lUnfrnetiR relnetance and permeance 
iQ twa pamllel iron i^ores of one ineh diameter and 
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nine inclies long, the least distance between them being Bf 
inehee. Here b = 2.375; p = 3.1416; 6 -s- p = O-TIB, Refer- 
ence to the table shows (by interpolation) that the reluc- 
tanc-e and permeance fur unit thloknesa of slab arc respect- 
ively 0.183 and fl.:i38. For nine inches thickness they will 
therefore be 0.031 and 48.()2 respectively. 

When the permeance across between the two limbs la 
thus approximately ealciiluhle, the waste flux across the 
apace is estimated by multiplying the permeance so 
found by the average value of the difference of magnetic 
potential between the two limbs. And iliis, if the yoke 
which unites the limba at their lower end is of pood 
solid iron, and if the iwirallel cores offer little magnetic 
reluctance as compared with the reluctance of the use- 
ful paths, or of that of tLe stray field, may be simply 
taken as half the ampere turns (or, if centimetre meas- 
nres are used, multiply by 1.3586), 

The method here employed in estimating tho reluc- 
tance of the waste field is of course only an approsiniii- 
tion ; for it assn mes that the leakage taltes place only in 
the planes of tho slabs considered. As a matter of fact 
there is always some leakage out of the planes of the 
slabs. Tho real reluctance is always therefore some- 
what less, and the real permeance somewhat greater, 
than that ctileulated from Table VIII. 

For the electromagnets used in ordinary telegraph 
instruments the ratio of it to p is not usually very dif- 
ferent from unity, 80 that for them the permeance acrofs 
from limb to limb per inuh length of core is not very 
far From 5.0, or nearly twice the permeance of an inch 
cube of air. 
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We are now in a position to see the reaaun for a curi- 
ous statement of Count Du Moni;el which for long puz- 
zled me. He states that he found, uBing distance apart 
of one miJlimetre, that the attnictiou of a two-pole elec- 
tromagnet for its armature was less when the nrniaturo 
was presented laterally than when it was pkoed in front 
of the pole-ends, in the ratio of 19 to 31. He does not 
specify in the passage referrcni to what was the shape 
of either the armature or the cores. If we assume that 
he was referring to an eletdroiiiiignet with cores of the 
usual sort — round iron with flat ends, preauniahly like 
Fig. n — then it is evident that the air-gaps, when the 
armature is presented sidewise to the magnet, are really 
greater than when the armatore is presented in the 
usual way, owing to the cjliudric curvature of the core, 
So, if at equal measured distance the reluctance in the 
circuit is greater, the magnetic flux will be leas and the 
pull less. 

It ought also now to be evident why an armature 
made of iron of a flat rectangular section, though when 
in contact it sticks on tighter edgewise, is at a distance 
attracted more powurfuUy if presented flatwise. The 
gaps, when it is presented flatwise {at an equal least dis- 
tance apart), offer a lesser magnetic reluctance. 

Another obscure point also becomes explainable, 
namely, the observation by Lenz, Barlow, and others, 
that the greatest amount of magnetism which could be 
imparted to long iron bars h^' a given circulation of 
electric current was (nearly) proportional, not to the 
cross-sectional area of the iron, but to its surface ! The 
explanation is this: Their magnetic circuit was a had 
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i ono, conBiHting of u straight rod of iron and of a retnm 
pnth lliroiigh air, Tlieir magnetizing force wsb being 
in I'wility f.xpeiuled nut eo much on driviug magnetic 
lincM tliruiigli iron (which is reudily pornicable), bat on 
Ortvilig tlin mugnBtin lines through uir (which \e, as we 
know, much less permeable), and the reluctance of the 
rotiirn piiths through the uir is — when the dist^ince 
from one to the other of the exposed end parts of the 
bur is great compared with its per- 
iphery — very nearly proportional to 
that jteriphery, that is to say, to the 
. I I / j/fl \m exposed Burfaue. 
j W 7 ii'.»| Another opinion on the same topin 

I /'/,/ ^iB thjit of Prof. Milller, who kid 

down the law that for iron bars of 
equal length, and escited by the 
same magnetizing power, theamount 
of magnetism wa^ proportional to 
the sqiiJire root of the periphery. A 
vaet amount of industrious scientific 
effort ]iHS been expended by Dub, 
ulitirTww. Hankel, Von Feilitzsch, and others 

OiilliouttynipttoTerify this "law." Not one of these es- 
poritricutore seeniB to have had the faintest suspicion that 
tho real thing which determined the amount of mag- 
netic flow was not the iron, but the reluctance of the re- 
turn path through air. Von Feilitzsch plotted out the 
accompanying curves (Fig. 47), from which he drew the 
inference that the law of the square root of the periphery 
' was eBtahlished. The very stmightness of these curves 
I that in no case had the iron become go much 
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magnetized iis to show the benil that indicates approaeh- 
iug saturatioD. Air, not iron, was oSering the main 
part of the resistance to magnetization in the whole of 
these experiments. I draw fr^m the very same curves 
the conclusion that the magnetization is not propor- 
tional to the square rout of thu periphery, but is more 
nearly proportional to the periphery itself; indeed, the 
angles at which the different curves belonging to the 
different peripheries rise show that the amount of mag- 
netism is very nearly as tlie surface. Observe here we 
are not dealing with a closed magnetic circuit where 
section comes into account; we are dealing with a bar 
in which the magnetism can only get from one end to 
the other by leaking all round into the air. If, there- 
fore, the reluctance of the air path from one end of the 
bar to the other is proportional to the surface, we should 
get some curves very like these ; and that is exactly 
what happens. If you hiive & solid, of a certain given 
geometrical form, standing out in the middle of space, 
the conductance which the space around it (or rather 
the medium filling t)iat space) oifcrs to the m;ignetic 
lines flowing through it, is practiciilly proportional to 
the surfitce. It is distinctly so for similar geometrical 
solids, when they are relatively small as compared with 
the distance between them. Electricians know that the 
resistance of the liquid between two small spheres, or 
two small discs of copper immersed in a large bath of 
sulphate of copper, is practically independent of the 
distance between them, provided they are not within 
ten diameters, or so, of one another. In the case of a 
long bur we may treat the distivnce between the protrud- 
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ing eiida aa puffideiitly great to nuike an ajiproximation 
to this law hold good. Von Feilitzach's bjire were, how- 
ever, not so long thiit the average value of the length of 
path from one end Burfawj to the other end surface, 
along the magnetic lines, was infinitely groat as com- 
pared with the periphery. Hence the departure from 
exact proportionality to the surfiice, Hia bars were ii.l 
centinietreH long, and the peripheries of the six wen: 
respectively 94.!>, 90.7, ?9.2, 67.6, 5i.9 and 42.9 millime- 
tres. 

It has long been a favorite idea with telegraph en- 
gineers that a long-legged electromagnet in some way 
possessed a greater "projective" power than a short- 
logged one; that, in brief, a long-legged magnet could 
attract an armature at a greater distance from its poles 
than could a ahort-legged one made with iron cores of 
the same section. The reason is not far to seek. To 
project or drive the maguetic lines across a wide inter- 
vening air-gap requires a large magnetizing force on 
account of the great reluctance, and the great leakage 
in such oases. And the great magnetizing force cannot 
be got with short cores, because there is not, with short 
cores, a sutBcient length of iron to receive all the turns 
of wire tliat are in such a case essential. The long leg 
is wanted simply to oarry the wire necessary to provide 
the requisite circulation of current. 

We now see how, in designing electromagnets, the 
length of the iron core is Teally determined; it mast ho 
long enough to allow of the winding npon it of the wire 
which, without overheating, will carry the ampere turns 
of exciting current which will sutiice to force the requi- 
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site number of magnetic lines (allowing for leakage) 
across tiie relnctancea in the uBeful path. We shall 
come back to this matter after we have settled the mode 
of calculating the quantity of wire that is required. 

Being now in a position to calculate the additional 
magnetizing power required for forcing magnetic lines 
across an air-gap, we are prepared to discuss a matter 
that has been so far neglected, namely, the effect on the 
reluctance of the magnetic circuit of joints in the iron. 
ITorseshoe electromagnets are not always made of one 
piece of iron bent round. They are often made, like 
Fig. 11, of two straight cores shouldered and screwed, or 
riveted into a yoke. It is a matter purely for experi- 
ment to determine how far a ti-ausverse plane of section 
across the iron obstracts the flow of magnetic lines. 
Armatures, when in contact with the cores, are never 
in perfect contact, otherwise they would cohere without 
the application of any magnetizing force; they are only 
in imperfect contact, and the joint offers a considerable 
magnetic reluctance. 

This matter has been examiiied by Prof. J. J. Thom- 
son and Mr. Newall, in the Cambridge Philosophical 
Society's Proceediiigs, in 1887; and recently more fully 
by Prof. Ewing, whose researches are published in the 
Philosophical Mayaziiie for September, 1888. Ewing 
not only tried the effect of cutting and of fiicing up 
with true plane snrfacea, but used different magnetizing 
forces, and also applied various external pressures to the 
joint. For our present purpose we need not enter into 
the questions of external pressures, but will Bummarize 
the results which Ewing found when his bar of wrought 
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iron was cut across by aection pliinea, first iuto two 
pieces, then into four, then into eight. The uppareut 
permeability of the bar waa reduced at eTery cut. 
Tabu IX.— KFntcr or Joiim m Wudtoht Ikon Bar (Ni 
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Suppose we are working with the magnetization of 
our iron poshed to about 16,000 lines to the square cen- 
timetre {i. B., about 150 pounds per square inch, trac- 
tion), requiring a magnetizing force of about H = 50; 
then, referring to the table, wo see that each joint 
across the iron offers as much reluctance as would an 
air-gap 0,0005 of an inch in thickness, or adds as much 
reluctance as if an additional layer of iron about one- 
eisth of an inch thick luid been added. With small 
magnetizing forces the effect of having a cut across the 
iron with a good surface on it is about the same as 
though you had introduced a layer of air one sis-hnn- 
dredth of an inch thick, or as though you had added to 
the iron circuit about one inch of extra length. With 
large magnetizing forces, however, this disappears, prob- 
ably because of the attraction of the two surfaces across 
that cut. The stress in the magnetic circuit with high 
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magDfitic forces running up to 15,000 or ao,000 IIdbs to 
the squiire eciitimetre will of itself put on a pressure of 
lao to 330 pounds to the square iucb, iiiid so tliese resist- 
ances are considerably reduced; they come down in fiiet 
to about one-twentieth of their initial vnlue. When 
Ewing specially applied compressing torees, which were 
as large aa 6T0 pounds to the e([uare inch, wliich would 
of themselves ordinarily, in a continuous piece of iron, 
have diminished the mag- 
netizahility, he found the 
diminution of the miignet- 
izability of iron itself was 
nearly compensated -lor by 
the better conduction of 
the cut snrface. The old 
surface, cut andcompressed 
in that way, closes up as 
it were, magnetically — 
does not act like a cat at 
all; but at the same time 
yoalosejustasmucbasyou 
gain, because the ii'on itself fiq- * 
becomes less magnetizable. 

The above results of Ewing*s are further r 
by the curves of magnetization drawn in Fig. 48. Wiien 
the faces of a cut were carefully surfaced up to true 
planes, the disadvantiigeous eifect of the cut was re- 
duced considerably, and, under the application of a heavy 
external pressure, almost vaniaiied. 

I have several times referred to experimental results 
led in past years, priucipally by German and 
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French workers, buried in obscurity in the pages of 
foreign BcientiSc jouriialfi. Too often, indeed, the 
Bciittered papers of the German physicists are rendered 
worthless or unintelligible by renson of the oniisBiou of 
some of the data of the experiments. They give no 
measurementB perhaps' of their cnrrents, or they used 
an II II calibrated galvanometer, or they do not say how 
many windings they were nsing in their coils ; or per- 
haps they give their results in some obsolete phraseol- 
ogy. They are extremely addicted to informing yon 
about the " magnetic moments " of their magnets. Kow 
the magnetic moment of an electromagnet is the one 
thing that one never wants to know. Indeed the mag- 
netic moment of a magnet of any kind is a useless piece 
of information, except in the case of bur magnets of 
hard steel that are to be used in the determination of 
the horizontal component of the earth's magnetic force. 
What one does want to know about an electromagnet 
is the number of magnetic lines flowing through its cir- 
cnit, and this the older researches rarely afford the 
means of ascertaining. Nevertheless, there are some 
investigations worthy of study to which time will now 
only permit me very briefly to allude. These are the 
researches of Dub on the effect of thickness of arma- 
tures, and those of Kicklc's and of Dn Moncel on the 
lengths of armatures. Also those of Mcklt^s on the 
effect of width between the two limbs of the horseshoe 
electromagnet, 

I can only now describe some experiments of Von 
Feilitzsch upon the vexed question of tubnlar cores, a 
matter touched by Sturgeon, Plaff, Joule, Nicklea, and 
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later by Du Moncd, To examine the qnestion whether 
the inner part of the iron really helps to carry the mag- 
netism. Von FeilitzBch prepared a set of thin iron tubes 
which could slide inside one another. They were all 
11 centimetres long, and their peripheries varied from 
6.13 centimetres to 9.7 centimetres. They could be 
poshed within a magnetizing spiral to which either 
small or large currents conld be applied, and their effect 
in deflectingainagnetic needle was 
noted, and balanced by means of a 
compensating steel magnet, from 
the poBitiou of which the forces 
were reckoned and the magnetic 
moments calculated out. As the 
tnbes were of equtil lengths, the 
mHgnetization is approximately 
proportional to the magnetic mo- 
ment. The ontermost tube was 
first placed in the spiral, and a set 
of observations made; then the tube 
of next smaller size was slipped 
into it and another set of observations made; then 
a third tube was slipped in until the whole of the 
seven were in use. Owing to the presence of the outer 
tube in all the experiments, the reluctance of the air 
return paths was alike in every case. The curves given 
in Fig. 49 indicate the results. 

The lowest curve is that corresponding to the use of 
the first tube alone. Its form, beuding over and be- 
coming nearly horizontal, indicates thiit with large 
letizing power it became nearly saturated. The 
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second curve corresponds to the use of the first tube 
with the second within it. With greater section of iron 
saturation sets in at a later stage. Each successive tube 
adds to tlie capacity for carrying magnetic lines, the 
beginning of saturation being scarcely perceptible, even 
with the highest magnetizing power, when all seven 
tubes were used. All the curves have the same initial 
slope. This indicates that with small magnetizing 
forces, and when even the least quantity of iron was 
present, when the iron was far from saturation, the 
main resistance to magnetization was that of the air 
paths, and it was the same whether the total section of 
iron in use was large or small. 

I must leave till my next lecture the rules relating to 
the determination of the windings of copper wire on 
the cores. 
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APPENDIX TO LECTURE II. 

Calculation of Excitation, Lkakage, etc. 

Symbols used. 
= the whole number of magnetic Hues (O.G. S. defiui- 
tioD of miignetic Hdbb, beiug oue liue per Bquure 

kceutimetre to represent intensity of a magnetic 
field, Buch that there is one dyne on unit magnetic 
pole) that piiea through the magnetic circuit. 
Also called the magnetic fiux. 
= the nnmber of magnetic liues per square centi- 
metre in the iron; also called the iH(/«t:/ioH, or 
the interuul magnet tzution. 
, = the number of magnetic lines per square inch 
in the iron. 
= the magnetic force or intensity of the magnetic 
field, ill terms of the number of magnetic lines 
to the square centimetre that there would be in 
air. 
, = the magnetic force, in terras of the number of 
magnetic lines that there would he to the square 
inch, in air, 
= the perfiieabiliiy of the iron, etc.; that is its mag- 
netic conductivity or multiplying power for mag- 
netic lines. 
= area of oroaa-section, in square centimetres. 



\ 
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A" = area of cross-section, in square inches. 

I = length, in centimetres. 

r = length, in inches. 

S = number of spirak or turns in the magnetizing 

coil, 
t = electric current, expressed in amperes. 
V = coefficient of allowance for leakage;, being the 

ratio of the whole magnetic flux to that part of 

it which is usefully applied. (It is always greater 

than unity.) 

Relations of units, 

1 inch = 2.54 centimetres; 

1 centimetre = 0.3937 inch. 

1 square inch = G.45 square centimetres; 

1 square centimetre = 0.1550 square inch, 

1 cubic inch — - 16.39 cubic centimetres ; 

1 cubic centimetre = 0.0610 cubic inch. 

To calculate the value of B or of B^from the traction. 

If P denote the pull, and A the area over which it 
is exerted, the following formulae (deriviBd from Max- 
well's law) may be used : 



B = 4,965 \/ 



P kilos. 
A sq. cm.' 



B = 1,316.6 \/-i^l^; or 
^ A sq. m. ' 



^ ^ sq. in. 
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To calculate the requisite cross-section nf iron for a given 
ir action. 
EeferPBce to p. 89 will show that it is not expedient 
to attempt to employ tractive forces exceeding 150 
pounds per square inch in magnets whose cores are of 
soft wrought iron, or exceeding 28 ponnds per square 
inch in cast iron. Dividing the given load that is to he 
sustained by the electromagnet by one or other of these 
numbers gives the corresponding requisite sectional 
•ought or cast iron respectively. 



^ 



To cali-nlate the perTnenbiJity from B or from B,. 
This can only be satisfactorily done by referring to a 
nnmericiil Table (such as Table II. or IV.), or to graphic 
curves, such as Fig. 18, in which are set down the re- 
sult of measurements made on actual samples of iron of 
the quality that is to be used. The values of /> for the 
two specimens of iron to which Table H. refers may 
be approximately calculated as follows: 



For annealed wrought iron, ; 
For gray cast iron, p. = - 



3.3 



These formula must not be used for the wrought 
iron for tractions that are less tlian 28 pounds per 
square inch, nor for east iron for tractions less than 3^ 
pounds per square inch. 
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To i-alculatf the total magnfitic flux whirh a core i>f 
given sectional area can conreiiiently carry. 

It has been shown that it is not expedient to push 
the magnetization of wrought iron hey on d 100,000 
lines to the square inch, nor thiit of cast iron beyond 
43,000. These are the highest values that onght to he 
assumed in designing electromagnets. The total mag- 
netic flux is calcnlated by multijilying tlie figure thus 
assumed by the number of square inches of sectional 



To calculate the fna/fnetizini/ power reijuisite to force a 
given number of magnetic lines throtigh a definite 
magnetic reluctance. 

Multiply the number which represents the magnetic 
reluctance by the total number of magnetic lines that 
are to be forced through it. The product will be the 
amount of magneto-motive force. If the magnetio re- 
luctance has been expressed on the basis of centimetre 
measurements, the magneto-motive force, calculated as 

above, will need to he divided by 1.3566 (i.e., by i-r;) 
to give the number of amptVe turns of requisite magnetr- 
izing power. If, however, the magnetic reluctauce has 
been expressed in the units explained below, based 
upon inch measures, the magnetizing power, calculated 
by the rule given above, wiil already be expressed 
directly in ampere turns. 
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f^ caJnu/'iie lite maijnelk reliicfance of an iron core. 

(ft.) If dimetmuns are given in cfntimp.trex. — Mag- 
netic reluctance being directly proportional to length, 
and inversely proportional to sectional area and to per- 
meability, the following ia the iormnla : 

Magnetic reluctance = -j- ; 

but the value of /< cannot bo inserted until one knows 
how great B is going to be; when reference to Table II. 
gives ;i. 

(b.) If dimensions are given i?i inchBg.—Jn this case 
we can apply a numerical coefficient, which takes into 
yccount the change of units (2,54), and alao, at the 
same time, includes the operation of dividing the mag- 
neto-motive force by -j*iy of s { = 1.3566) to reduce it to 
ampere turns. So the rule becomes 



H am p fire turns, 
^^^^k Magnet 

^^^^^Bxample. — Pin 



.ic reluctance = 



-,- X 0.3 



Find the ina^:netie reluctance from end to end 
bar of wruugpht iron 10 inches luiii;, with a eruHE-SEH^tiuo 
of 4 Hquare inches, on the supposition that the iiiagnetie 
flux through it will amount to 440,000. 

To calcidale the total magnetic reluciancu of a mag- 
nefic circuit. 
This IB done by calculating the magnetic reluctances 
of the separate parts, and adding them together. Ac- 
count must, however, be taken of leakage; for when the 
flux dividesj part going through an armature, part 
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tfarough a leakage path, the law of shants comes in, and 
the net reluctance of the joint paths is the reciprocal of 
the eum of their reciprocals. In the einiplest case the 
magnetic circuit consi^ta of throe parts, (1) armatnre, 
(ii) air in the two gaps, (3) core of the magnet. These 
three relnctancea muy be eeparately written thus : 



I 





ForCe 


dinulre Heflmre. 


P..,.=K»™,^ 


1. Armature 




h 

At:', 


T'~V ^ ^■^'^^'■^ 


2. The gaps 




1, 
J, 


3-^^ X 0.3132 


3. Magnet core... 




I. 
A„H 


-,-r-- X 0.3133 



If the iron used in armatare and core is of the same 
quality, and mngnetized up to the same degree of satn- 
ratiou, /'i and 113 will be alike. Fflr the air-gape /t = 1, 
and therefore is not written in. 

If there were no leakage, the total reluctance would 
simply be the sum of these three terms. But when 
there is leakage, the total reluctance is reduced. 

To calculate t!ie umpire iurns of magnetiting power req- 
uisite to force the desired magnetic fiux through the 
reluctances of the magnetic circuit, 
(a.) If dimensions are giiven in eeirtimetres the nilo is ; 
Ampere tnrns = thomagnotie flux, multiplied by the 

magnetic reluctance of the circuit, divided by -^ of t 



(= 
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It will be noted that here v, the coefficient of allow- 
ance for leakage, has been introduced. This has to be 
calculated as ehown later. In the mean time it may be 
pointed out that, in designing electromagnets for any 
case where v is approximately known beforehand, the 
calculation may be simplified by taking the sectional 
area of the magnet core greater than that of the arma- 
ture in the same proportion, For example, if it were 
known that the waste lines that leak were going to be 
equal in number to those that are usefully employed in 
the armature {here i' — 3), the iron of the cores might 
be made of double the section of that of the armature. 
In this case fs will approximately equal ;ii. 



To calculate the c 



nf allowance for leakage, v. 



V = total magnetic flux generated in magnet core -i- 
nseful magnetic flus through armature. The respective 
useful and waste magnetic fluxes are proportional to the 
jiermeances along their respective paths. Permeance, 
or magnetic conductance, is the reciprocal of the re- 
Ivrtance, or magnetic resistance. Call useful permeance 
through armature and gape )/ / and the waste permeance 
in the stray field w; then 



w may be estimated by the Table VIII. or other leakage 
rulea, but should bo divided by 3 as the average differ- 
ence of magnetic poten tial over the leakage surface is only 
about half that at the ends of the poles. 
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EuLES FOR Estimating Magnetic Leakage. 

(I. to III. adapted from Prof. Forbes' rules.) 

Prop, L Permeance between Uoo parallel areas facing 
one another. — Let areas be A\ and A% square inches, 
and distance apart d" inches, then : 

Permeance = 3.193 X \ {A\ + ^%) ^ d\ 

Prop, 11, Permeance between two eqtial adjacent rect- 
aiigvlar areas lying in one plane, — Assuming lines of 
flow to be semicircles, and that distances d\ and ^% 
between their nearest and furthest edges respectively 
are given, also a" their width along the parallel edge: 

d " 
Permeance = 2.274 X «^ X logio;^ ^ 



1 



Prop. TIL Permeance between two equal parallel rect- 
angular areas lying in one plane at some distance apart, 
— Assume lines of leakage to be quadrants joined by 
straight lines. 

Permeance = 2.2T4 X a' X logio | 1 + ""^^^7^' ^ [ 



Prop, IV, Permeance betioeen two eqtial areas at 
right angles to one another. 

Permeance (if air angle is 00°) = double the respect- 
ive value calculated by XL or III. 

Permeance (if air angle is 270°) = two-thirds times 
the respective value calculated by II. 
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If measures are given in centimetres these rules be- 
come the following : 



I. i {Ai + A2) -r d ; 

III. - log. (1 X -^-^> 



Prop, V. Permeance between two parallel cylinders of 
indefinite length. 

The formula for the reluctance is given above: the 
permeance is the reciprocal of it. Calculations are sim- 
plified by reference to Table VIII. 
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LECTURE III. 



SPECIAL DESIGNS. 



In continuation of my lecture of last week I have to 
make a few remarks before entering npon the consider- 
ation of special forms of magnets which was to form the 
entire topic of to-niglit's lecture. I had not quite fin- 
ished the experimental resnlte which related to the per- 
formance of magnets nnder various conditions. I had 
already pointed ont that where you reqiiire a magnet 
simply for holding on to its armature common sense (in 
the form of our simplest formula) dictated that the cir- 
cuit of iron should be as short as was compatible with 
getting the required amount of winding upon it. That 
at once brings us to the question of the difference in 
performance of long magneta and short ones. Last week 
we treated that topic ho far as this, that if you require 
yonr magnet to attract over any range aeroaa an air 
apace you require a sufficient amount of exciting power 
in the circulation of electric current to force the mag- 
netic lines across that resistance, and therefore you re- 
quire length of core in order to get the required coil 
-wound upon the magnetic circuit. But there is one 
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other way in which the difference of behavior between 
long and short mngnets — I am speakiug of horeeghoe 
ihapeB— comes into play. So far back as 1840, Ritchie 
bund it wits more diflicult to magnetize Bteel magnets 
■using for that purpose electromagnets to stroke them 
■'with) if those electromagnets were short than if they 
were long. lie wits of course comparing magnets which 
had the same tractive power, that ia to say, presumably 
hud the same section of iron magnetized np to the same 
degree of magnetization. This difference between long 
and sliort cores is obviously to be explained on tlie same 
principle as the greater projecting power of the long- 
legged magnets. In order to force magnetism not only 
through an iron arch, but through whatever is beyond, 
which has a lesser permeability for magnetism, whether 
it be an air-gap or an arch of hard steel destined to re- 
tain some of its magnetism, yon require magneto- motive 
force enough to drive the magnetism through that re- 
siatiug medium; and, therefore, you must have turns of 
wire. That implies that you must hitve length of leg 
on which to wiud those turns. Ritchie also found that 
the amount of magnetism remaining behind in tlie soft 
iron arch, after turning off the current at the first re- 
moval of the armiiture, whb a little greater with long 
than with short magnets; and, indeed, it is what we 
should expect now, knowing the properties of iron, that 
long pieces, however soft, retain a little more-— have a 
little more memory, aa it were, of having been magnet- 
ized— than short pieces. Later on I shall have specially 
to draw your :ittentiou to the behavior of short pieces of 
iron which have no magaetic memory. 
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WINDING OF THE fOI'PEB. 

I now take up the riueBtion of winding the copiJtr 
wire upon the electromugnet. How iire we to dptermiiie 
beforehund the amount of wire required iiud the proper 
gauge of wire to employ? 

The first stage of euch a determination is already ac- 
complished; we (Ire already in poseession of the formula 
for recitoning out the number of amptVe tiiriie of ex- 
citation required in any given case. It remains to show 
how from this to calculate the amount of bobhiu space, 
and the (juantity of wire to fill it. Bear in mind that a 
current of 10 amperes (t. e., as strong as that used for a 
big arc light) flowing once around tlie iron produces 
exactly the same effect magnetically aa a current of one 
ampere flowing around ten times, or as a current of 
only one-hundredth part of an ampOre flowing around 
a thousand times. In tolegrapliic work the currents 
ordinarily used in the lines are quite small, usually 
from five to twenty thousiindths of an ampere; hence 
in such cases this wire that is wound on need only be a 
l^hin one, but it must have a great many turns. Be- 
cause it is thin and has a great many turns, and is con- 
sequently a long wire, it will offer a considerable resist- 
ance. That is no advantage, but does not necessarily 
imply any greater waste of energy than if a thicker coil 
of fewer turns were used with a correspondingly larger 
current. Consider » very simple case. Suppose a bob- 
bin is already filled with a certain number of turns of 
wire, say lOO, of a size large enough to carry one ampere, 
"'lithoat overheuting. It will offer a certain i 
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it will wuet? a certain amount of the energy of the cur- 
rent, and it will have a certain magnetizing power. 
Nov auppoae this bobbin to be rewound with a wire of 
half the diameter; what will the result be? If the 
wire IB htilf the diameter it will have one-qnarter the 
sectional area, and tlie bobbin will hold four times as 
many turns (assuming insulating materials to ocoiipy 
the same percentage of the available volume). The cur- 
rent which such a wire will carry will he one-fourth as 
great. The coil will offer sixteen times as mnch resist- 
ance, being four times as long and of one-fourth the 
cross-section of the other wire. But the waste of energy 
will be the same, being proportional to the reaistiince 
and to the square of the current; for 16 x I's = 1. 
Gonseq^uently the heating effect will be the same. Also 
the magnetizing power will be the same, for thongh the 
current is only one-quarter of an ampere, it flows 
around 400 turns ; the ampere turns are 100, the same 
as before. The same argument would hold good with 
any other nnmerical instance that might be given. It 
therefore does not matter in the least to the magnetic 
behavior of the electromagnet whether it is wound with 
thick wire or thin wire, provided the thickness of the 
wire corresponds to the cnrrent it has to carry, bo that 
the same number of watts of power are spent in heating 
it. For a coil wound on a bobbin of given volume the 
magnetizing power is the same for the same heat waste. 
But the heat waste increases in a greater ratio than the 
magnetizing power, if the current in a given coil is in- 
creased; for the heat is proportional to the square of 
tlie current, and the magnetizing power is simply pro- 
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portiona] to the current. Hence it is the heating eilect 
which iu reality determines the winding of the wire. 
We must — assnmiug that the current will have a certain 
strength — jillow enough volume to tidmit of our getting 
the requisite uiiraher of ampere turns without over- 
heating. A good way is to asBunie a current of one 
ampere while one calculates out the coil. Having done 
this, the eanio volume holds good for any other gauge 
of wire appropriate to any other current. The terras 
"long coil "magnet and "short coil" magnet are ap- 
propriate for those electromagnets which have, re- 
flpectively, many turns of thin wire and few turns 
of thick wire. These terms are preferable to " high 
resistance" and "low resistance," sometimes used to 
designate the two classeB of windings; hecauBe, ae I 
have just shown, the resistance of a coil has in itself 
nothing to do with its magnetizing power. Given Hie 
volume occupied by the copper, then for any current 
density {say, for example, a current density of 2,000 
amperes per square inch of cross-section of the copperj, 
the magnetizing power of the coil will he the same for 
all different gauges of wire. The specific conductivity 
of the copper itself is of importance; for the better the 
conductivity the less the heat wiiste per cubic inch of 
winding. High conductivity copper is therefore to be 
preferred in every case. 

Now the heat which is thus generated hy the current 
of electricity raises the temperature of the coil (and of 
the core), and it begins to emit heat from its surface. 
It may he taten as a sufficient approximation that a 
ingle square inch of surface, warmed one degree f ahr, 
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le finri'ouudiijg air, will etendily emit heat at the 
[ rate of ji-^ of a watt. Or, if there is provided only 
I enough surfitce to allow of a steady emission of heat at 
y the rate of one watt' per square inch of surface, the 
I temperature of that surface will rise to about 325 de- 
I grees Fahr. above the temperature of the Burroniuline; 
i number is determined by the average emis- 
I sivity of such substances as cotton, ei)k, variiiah, and 
other materials of which the surfaces of coils are usu- 
ally composed. 

In the speciGcations for dynamo machLnes it is nsnal 
to lay down n condition that the coils shall not heat 
more than a certain number of degrees warmer than the 
With electromagnets it is a safe rule to say that 
[ no electromagnet ought I'ver to heat up to a tempera^ 
' tnre more than 100 degrees. Fahr. above the surrounding 
dr. In many cases it ia quite safe to exceed this limit. 
The resistance of the insulated copper wire on a bob- 
bin may be approximately calculated by the following 
rule. If d is the diameter of the naked wire, in mils, 
and D is the diameter, in mils, of the wire when covered, 
then the resistance per cubic inch of the coil will be: 
_ ftfiO.rOO 



„, 1.-1 ^VV.lUU 

Ohms per cnbic inch = -r.gTTjj 



of expendlCure of energy, bdiI b equal to 
l-746[horBhor!»power. A current ot one 
Bjica ot ODH ohm, S)ieudB eoerg^ in he&Ung 
at the rate o( one watt. One watt la equimleiittoo.84 paloHen. per ascood. 
ofheaL TbatistoBBy, the heat developed in ona second, by expend] tureor 
energy at the rate of nnii w&tt, would suffice to warm one ETBinine of water 
throughO.iM (Centigrade) dearee. As S5a oalorleBare eqoa] to one BrtU»b 
(ijound Fahr.) unit of beat, It rollows that heat eniltied si 



>e Brillali unit gt beat et|ualB 1,U56 O'att nvuuds. 



le degree FaJir. 
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We are therefore able to eonstriict a wire gauge and 
a,mp6reage table which will enable us to calculate rejidily 
the degree to which a given coil will warm when tra- 
Tersed by a giyen current, or eonvereuly what volume of 
coil will be needed to provide the requisite circulation 
of current without warming beyond any preacribed ex- 
cess. 

Accordingly, I here give a wire-gange and ampfireage 
table which we have been nsiiig for some time at the 
Fiiisbury Technical College. It was calculated out 
nndur my iuBtructiona by one of the demonstnitors of 
the college, Mr, Eustace Thomas, to whom I am in- 
debted for the great care bestowed upon the calculations. 

For many purposes, auch as for use in telegraphs and 
electric beils, smaller wires than any of those mentioned 
in the table are required. The table is, in fact, intended 
for use in calculating miignofca in larger engineering 
work. 

A rough-and-ready rule sometimes given for the size 
of wire is to allow ^ n'nn square inch per iimpure. Thia 
ia an absurd rule, however, ua the figures in the table 
show. TTnderthe heading l.OOOamp^res tosquaroinuh, 
it appears that if a No, 18 8. W. G. wire is used it will 
at that rate carry 1.81 ampiVes; that if there ia only 
one layer of wire, it will only warm up i.l'A degrees 
Fahr., consequently one might wind layer after layer to 
a depth of 3.3 iiiehea, without getting up to the limit of 
allowing one square inch per watt for the emission of 
heat. In very few cases does one want to wind a coil so 

£as 3.3 inches. For very few electro magnets is it 
il that the liiyur of coil exceed half an inch in 
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thickiieBB; and if the layer ia going to be only half an 
inch thick, or about oiie-Bevcnth of the 3.3, one may 
use a current density v'T times as great as 1,000 am- 
peres per square inch, without exceeding the limit of 
safe working. Indeed, with coDa only half an inch 
thick, one may safely employ a current density of 3,000 
amperes per aqiiare inch, owing to the assistance which 
the core gives for the dissipation and emission of heat. 
Suppose, then, we have designed a horseshoe magnet, 
with a core one inch in diameter, and that, after con- 
sidering the work it has to do, it is found that a mag- 
netizing power of 2,400 turns is required ; suppose, also. 

Figures [n culuuuiii marked A dgoITy Dumbor of amperes Uiat the wire 

FiEDTBH in columns mftrted F aignifj' nnmbBr of degrefS (Fahrenheit) 
UiBt the coil will wann up if there ia only one layer of wire, and on the 
aaaampUnn that the beat is radiated onlyfrom the outer surface ot the 
coil ; they are calculated By the foilowin g ttiodMcatlon of Forbve' rule : 
lUse in temperature (Falirenheit degOsS-^ KNn. of watte lost per iiq. Inch. 
= ISft X BBctlonoJ area X uumberof 
turns to one Inub (at 1,0UU amps, 
per sq- inch). 
Plgnres Id coIquidb marled D are the de^jth tn inches to which win may 
be wound If one watt be lout by each square inch ot radiating aurfoue, Uie 
outside radialinK surface of the bobbin bring only considend. 
Rule for ealcultttiiig a 7-8trand cable : niam. ot cable = 1.134 X diam. of 

Figures under heading "Tuma to one linear inch" are calculated for 
cotton eorered wirea of ^vei'age thicknesses of ooierluga used for the dif- 
ferent gauges, tIl, 14 mils additional diameter on round wires (from No. SS) 
aud SO mils on stranded or square wire. 

Figures under heading "Turns per square Inch" are cali7u!ated from 
preceding, allowing 10 percent, for lialding of layers. 

ReslBlancH (olmia) of otifl uf copper wire, occupying \i cubic Inches of coil 
space, and of which the gauge is d mils uncoTered, and D mils covered, may 
be approiimateiy caleulated by the rule : 

ohmi=WO,7(«2J^ 

irioua gauges arc kindly fornlahed by 
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1 that it is luid down ae a coiiditioa that the coil 
I must not warm up more than 50 degrees Fahr. ahove 
' the Burroundiiig air — what volume of coil will be re- 
. quired ? Assume, first, tliat the current will bo out' 
arnpire; then there will have to he 2,400 turns of ii 
wire which will carry one ampere. If we took a No. 
20 S. \V. 0. wire and wonrid it to the depth of half an 
inch, that would give 220 turns per inch length of coii; 
so that a coil 11 iuchea long and a little over half an 
inch deep (or ten layers deep) would give 2,400 turns. 
Kow Table X. shows that if this wire were to carry 
1.018 amperes it would heat up 225 degrees Fahr. if 
wound to a depth of 3.9 inches. If wound to, half an 
inch, it wonld therefore heiit up about 30 degrees Fahr.; 
-and with only one ampere would, of course, heat less. 
This is too good; try the next thiuner wire. No. 23 8. 
AV. 0. wire at 2,000 ampi^rea to the square inch will 
carry 1.23 amperes, and heats 325 degrees if wound up 
1.13 inches. If it is only to heat 50 degrees, it must 
not be wound more than one-fourth inch deep; but if 
it only carries current of one ampere it may be wound 
a little deeper — say to 14 lajera. There will then bo 
wanted a coil about seven inches long to hold the 2,400 
turns. The wire will occupy about .3.S5 square inches 
of total cross-section, and the volume of the spiice o»> 
cupied by the winding will be 36.95 cubic inches. Two 
bobbins, each 3^ inches long and .65 deep, to allow for 
14 layers, will be euitablo to receive the coils. 

By the light of the knowledge one possesses as to the 
relation between emisaivity nf surface, rate of heating 
by current, and limiting temjie rata res, it is seen how 
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little justification there is for sunh empirical rules iis 
that which ia often given, niimely, to innke the depth 
of coil equal to the diumeter of the iron core. Consider 
this in rehition to the following fiict ; that in all those 
cases where leakage is negligible the number of iimpi^re- 
turna that will magnetize np a thin core to any pre- 
scribed degree of magnetization will magnetize up a 
core of any section whutever, Aud of the sjmie length, to 
the same degree of magnetization. A nile that would 
increase the depth of cnpyier proportionately to the 
diameter of 'he iron core h absurd. 

Where less accurate approsimations are ail that ia 
needed, nioro simple rules can be given. Here are two 
cases: 

Case 1. Leakage assiimed to be negligihle. — Assume 
B = 16,000, then H = 60 (see Table III.). Ilonce the 
ampere turns per centimetre of iron will have to be 40, 
or per inch of iron 102; for H is erjnal to l.^oliG times 
the ampere tunis per centimetre. Now, if the winding 
is not going t<i exceed one-half inch in depth, we may 
allow 4,000 amperes per square inch without serious 
overheating. And the 4,{KK) ampere turns will require 
!i-inoh length of coil, or each inch of coil carries 3,000 
ampere turns without overheating'. Hence each inch 
of coil one-half inch deep will suffice to maguetize np 
30 inches length of iron to the prescribed degree. 

Oase 2. Leaka^i' assumed h be 50 per cent. — Assume 
B in air-gap = H = 8,000, then to force this across re- 
quires anipci'e turns 6,400 per centimetre of air, or 16,- 
250 per iuoli of air. Now, if winding is not going to 
exceed one-half inch depth, each inch length of coil will 
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carry 2,000 am|H're tu. Hence, eight inches leogj 
of coil oiie-quarter inch deep will be reqnirod for o 

inch length of air, niiignetize<i op to the prescribed A 



WINDINOS FOR COXSTANT PRESSURE AND 
CONSTANT CCHRENT. 

In winding coils for magnets that aro to bi 
any electric light system, it ehould be carefully borne 
in mind that there are aeparate rules to be considered 
according to the nature of the supply. If the electric 
8up])ly is at coiiMatit pressure, as usual for glow lamps, 
tbu winding of coils of electromagnets follows the sami 
rule as the coils of voltmeters. If the supply is with 
constant current, as usual for arc lighting in aeriea, thi 
the coils must be wound with doe regard to the eurrt 
which the wire wOl carry, when lying in layers of suii 
ble thickness, the number of turns being in this 
same whether thin or thick wire is used. 

If we assume that a safe limit of temperature is 90 
degrees Fahr. higher than the surrounding air, then tl 
largest cnrrent which may be used with a given eleci 
magnet is expressed by the formula: 

Highest permissible amperes = 0.63 V — 

where s is the number of square inches of surface d 
the coils and r their resistance in ohms. 

Similarly for coils to be used as shunts we have; 
Highest permissible volts = 0.03 'i/ ar 
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The mitgnetizing power of a coil, supplied at a given 
nnniber of volts of pressure, is independent of its length, 
and depends only on its gunge, hut the longer the wire 
the less will be the heat waste. On the contrary, when 
the condition of supply is with a constant number of 
amptlres of current, the magnetizing power of a coil is 
independent of the gauge of the wire, and depends only 
on its length; but the larger the gange the less will he 
the heat waste. 



MISCELLANEOUS BDLEa ABODT WINDING. 

To reach the same limitiug temperature with bobbins 
of equal size, wound with wires of different gauge, the 
cross-section of the wire must Tarj with the cnrrent it 
is to carry; or, in other words, the current density 
(amperes per square inch) must be the same in each. 
Table X. shows the ampfreages of the various sizes of 
wires at four different values of current density. 

To raise to the same temperature two similarly shaped 
coils, differing in size only, and having the gauges of 
the wires in the same ratio (so that there are the same 
number of turns on the large coil as on the small one), 
the currents must be proportional to the square roots of 
the cubes of the linear dimensions. 

Sir William Thomson haa given a useful rule for cal- 
culating windings of electromagnets of the same type 
but of different sizes. Similar iron cores, similarly 
wound with lengths of wire proportional to the squares 
of their linear dimensions, will, when excited with equal 
ourrents, produce equal intensities of magnetic field at 
points similarly situated with respect to them. 



Similar electromagnets of dilToreiit sizes must liave 
ampsTe turns proportioiml to tlifir liuear flimonsiuns if 

^tbey are to be muguetized up tu aii equal degree of sat- 

Hjamtion. 

^^ It is curious what erroneous notions crop up from 

B^me to time about winding eleotromagnets. In 18fi9 
a. certain Mr. Lyttle took out a patent foi' winding the 
coils in the following way: Wind the first layer as 
neual, then bring the wire back to the end where the 
winding began and wind a second layer, and so on. hi 
this way all the windings will be right-handed, or else 
all left-handed, not alternately right and left as in the 
ordinary winding. Lyttle deelared that this method of 
winding a coil gave more powerfyl effeots; bo did M. 
lirisson, who reinvented the same mode of winding in 
1873, and soleniniy described it. Its alleged superiority 
was at once disproved by Mr. W. H. Preece, who 
found the only difference to be that there was more 
difficulty in cJirrying out this mode of winding. 

Another popular error is that electromagnets in which 
the wires are badly iusiilated are more powerful than 
those in which they are well insulated. This arises 
from the ignonint use of eleotromagnets having long, 
thin coils (of high resistance) with batteries consisting 
of a few cells (of low electromotive force). In such 
cases, if some of the coils are short circuited, more cur- 
rent flows, and the magnetizing power may be greater. 
But the scientific cure is either to rewind the magnet 
with an appropriate coil of thick wire, or else to apply 
another battery having au electromotive force that ia 
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SPECIFIC ATIOSS OF ELECTROMAGNETS. 

»ne frequently comsB across specifieationB for cou- 
striiction which prescribe that an eleutro magnet shall be 
wound so that its coil shall have a certain resistaQce. 
This is an absurdity. Resistance does not help to mag- 
netize the core. A better way of prescribing the wind- 
ing ia to name the ampere turns and the temperature 
limit of heating. Another way is to prescribe the num- 
ber of watts of energy which the magnet is to take. 
Indeed, it would be well if electricians could agree upon 
some sort of figure of merit by which to compare elec- 
tromagnets, which should take into account the magnetic 
output — i.fl.,the product of miigneticflux into magneto- 
motive force— ^the consomption of energy in watte, the 
temperature rise, and the like. 



i whic] 



AMATEUR RrLE i 



EL dealing with tliia question of winding copper on a 
^nst core, I cannot desist from referring to that rule 
which is so often given, which I often wish might dis- 
appear from our text-hooke — t he rule which tells jou in 
effect that you are to waste 50 per cent of the energy 
you employ, I refer to the rule whu h states that yon 
will get the maximum effect out of an tlettromagnet if 
you BO wind it that the resistance is equal to the resist- 
ance of the battery you employ; or that if yon have a 
: magnet of a given resistance you ought to employ a 
L battery of the same resistance. What is the meaning of 
^■^Ub rule ? It is a rule which is absolutely meaningless, 
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nnleas in the first cnse the volume of the coil is pre- 
scribed once for all, jiiid yon cannot alter it; or unless 
once for all the number of battery elements that you 
■ can have ia prescribed. If you have to deal with a fixed 
I number of battery eleraentsj and you have to get out 
of them the biggest effect in your external circuit, and 
cannot beg, buy, or borrow any more cells, it is per- 
fectly true that, for steady currents, you ought to group 
them so that their internal resistance is equal to the 
. external resistancH that they have to work through; and 
then, as a matter of fact, half the energy of the battery 
will be wasted, but the output will be a maximum. Now 
that is a very nice rule indeed for amateurs, because an 
amateur generally starts with the notion that he does 
not want to economize in bis rate of working; it does 
. not matter whether the battery is working away furi- 
ously, heating itself, and wasting a lot of power; all he 
i wants is to have the biggest possible effect for a little 
I time out of the fewest ceDs. It is purely an amateur's 
[ rule, therefore, about equating the resistance inside to 
the resistance outside. But it is absolutely fallacious to 
[ set lip any such rule for serious working; and not only 
I fallacious, but absolutely untrue if you are going to deal 
I with curreuts that are going to bo turned off and on 
p quickly, I'or any appara.tus like an electric bell, or 
rapid telegraph, or induction coil, or any of those 
I things where the current is going tn vary up and down 
rapidly, it is a false rule, aa we shall see presently. 
[ What is the real point of view from which one ought to 
\ Btart? I am often asked questions by, shall I say, ama- 
}, as well as by those who are not amateurs, about 
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prescribing the buttery for n given electromagnet, or 
prescribing an eieotro magnet for a given battery. Again, 
lam often told of cases of failure, in which a very little 
common sense rightly directed might have made a suc- 
cesa. What one ought to think ahoiit in every case is 
not the battery, not the electromagnet, but the line. 
If you have a line, then you must have a battery and 
electromagnet to correspond. If the line is short and 
thick, a few feet of good eop|)er wire, yon should have 
a short, thick battery, a few big cells or one big cell, and 
a short, thick coil on your electromagnet. If yon have 
a long, thin line, mires of it, say, you want a long, thin 
battery (small cells, and a long row of them) and a long, 
thin coil. That is then our rule: for a short, thick line, 
a short, thick battery and a sh ort, thick coil ; for a long, 
thin line, a long, thin buttery and electromagnet coils 
to match. You smile; but it is a really good rule that 
I am giving you; vastly better than the worn-out ama- 

But, after all, my rule does not settle the whole ques- 
tion, because there is something more than the whole 
resistance of the circuit to he taken into account. 
Whenever you come to rapidly acting apparatus, you 
have to think of the fact that the current, while vary- 
ing, is governed not so much by the resistance as by 
the inertia of the circuit— its electromagnetic inertia. 
As this is a matter which will claim our especial atten- 
tion hereafter, I will leave battery rules for the present 
and proceed with the question of design. 



LECTlJllEM ON THE ELECTlWlMAGXET. 

FORMH OF KLEn'ROMAriNETS. 

This at once leuils us t.u cuUEider the cluesiflcation of 
lorins of iiiiigiietB, I do not pretend to have fuiind a 
coni|ilete daabificiitioii. There ia a, very singuhir book 
written by Monsieur Nicklts, in which he classifies under 
37 different heads all conceivable kinds of magnets, 
bidrouiic, tridromic, monocnemic, multidromic, and I 
do not know how many more; but the claasiflcation is 
both unmeaning and unnri linage able. For my preeent 
purpose I will simply pi<.'k out those which come under 
three or four heiide, and de;ii Bepuriitely with otbera that 
do not quite fit under any of the four categories. 

r Ehctromngnn-ln. — In the first place 'here are those 
which have a Btniight core, of wliieh there are several 
Bpecimene on the table here. 

Horseshoe Ehctromagui'tji. — Then there are the horse- 
shoes, of which some are of one piece, bent, and others 
here of the more frequent shitpc, made of three pieces. 

Iron-clad Ehclroinaguvfa. — Then from the horseshoes 
I go to those magnets iu which the rt'turn circuit of the 
I iron cornea back outside the toil from one end or the 
other, or from both ends, eomctimca in the form of an 
external tube or jacket, sometimes merely with a parallel 
return yoke, or two parallel return yokes. All such 
magnets I propose to cill— following the fashion that 
' hasbcenadoptedfordyu'imiis— inn -el li electromagnets. 
One of them, the j;icketi-(i i-h^ciriiin j;riet, is shown in 
Fig. la, and thcroare others not so well known. There 
is one used by Mr. Cromwell Varley, in which a straight 
t is phiced between a couple of iron caps, which 
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fit over the ends, and virtually bring the poles down 
close together, the circnlar rim of one cap being the 
north pole and that of the other cap being the south 
pole, the two rima being close together. That plan, of 
couTBe, produces a great tendency to leak across from 
one rim to the other all round. The advantages, as 
we!l as the disai] vantages, oi the jiitketed mdgtiet I 
alluded to in my last lecture, when I pointed out to \oa 
that for all action at a dlstince it is far better not to 
have an iron-clad return 
path, whereas for action in 
coil tact the iron-clad magnet 
was distinctly a very good 
form. In one form of iron 
clad magnet the end of the 
straight central core is fixed 
to the middle of a bar of 
iron, the ends of which are 
hent np and brought flush 

with the top of the bobhin, making thus a tripolar 
magnet, with one pole between the other two. The 
armature in this form is a bnr which lies right across 
the three poles. There is an example of this excellent 
kind of electromagnet applied in one of the forma of 
electric bell indicator made by Messrs. Gent, of Leicester. 
Then besides these three main classes — the straight 
bar, the horseshoe, and the iron-clad — there is another 
form which is so useful and so commonly employed in 
certain work that it deserves to have a name of its own. 
It is that called by Count Du Moiicol the luvmiif boitnix, 
rolub-footed magnet (Fig. 50), It is a horseshoe, in 
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fact, with a coil upon one pole and no coil upon the 
other. The advantuge of that construction ia simply, I 
BuppoBe, thiit you will save labor— you will only have to 
wind tlae wire on one pole instead of two. Whether 
that is an improTement in any other Benee is a question 
for experiment to determine, but on which theory per- 
haps might now he able to say Homething. Count Du 
Moncel, who made many experiments on this form of 
magnet, ascertained that there was for an equal weight 
of copper a slight falling ofE in power with the clnb- 
footed magnet. Indeed, one might almost predict, for 
a given weight of copper, if you wound all in one coil 
only, you will not make as many turns as if you wonnd 
it in two, the outer turns on the coil being so much 
larger thnn the average turn when wound iit two coils. 
Consequently the number of ampfre turns with n given 
weight of copper would be rather smaller, and you would 
require more current to bring the magnetizing power 
up to the same value as with the two coils. At the same 
time the one coil may be produced a little more cheaply 
than the two; and indeed anch electromagnets are really 
gnite common, being largely used for thg sake of cheap- 
Bess and compaetneaa in indicators or electric bells, 
Du Moncel tried various experiments about this form 
find whether it acted better when the armature was 
faivoted over one polo or over the other, and found it 
Worked beat when the nrmiitiire was actually hinged ou 
that pole which comes up tlirongh the coil. He made 
ft/0 experiments, trying coils on one or the other limh, 
be armature heing in each cmisb set at an equal distance. 
I one experiment ho found the pull whs 35 grammes, 
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with an armature hinged on to the idle pole, and 40 
gnimmBB when it was hinged on to the pole which car- 
ried the coil. 

Another form of electromagnet, having hut one coil, 
is used in the electric hells of church-bell pattern, of 
which Mr, H. Jensen is the designer. In Jensen's elec- 
tromagnet a straight cylindrical core receives the boh- 
bin for the coil, and, after thie has been pushed into its 
place, two ovate pole-pieces are screwed upon its ends, 
serving thus to bring the magnetic circuit across the 
ends of the bobbin, and fonning a magnetic gap along 
the side of the bobbin. Tlie armature is a rectangular 
strip of soft iron, abont the same length as the core, and 
is attracted at one end by one pole-piece and at the 
other end by the other. 

EFFECT OF SIZE OP COILS. 

Seeing that the magnetizing power which a coil ex- 
erts on the magnetic circuit which it surrounds is sim- 
ply proportional to the amptre turns, it follows that 
those turns which lie on the outside layers of the coil, 
though they arc further awaj from the iron cnre, pos- 
sess precisely equal magnetizing power. This is strictly 
true for all closed magnetic circuits; but in those open 
magnetic circuits where leakage occurs it is only true 
for those coils which encircle tbe leakage lines also. For 
example, in a short bar electromagnet, of the wide 
turns on the outer layer, those which encircle the mid- 
dle part of the bar do inclose all the magnetic lines, and 
are just as operative us the smaller turns that underlie 
them; while those wide turns which encircle the end 
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portions of the bar Jire not so efficient, as some of the 
magnetic lines leak back past these coils. 

EFFECT OF POSITION OF COILS. 

Among tlio other researches which Du Moncel made 
with respetrt to electromagnets was one on the best posi- 
tion for placing the coil ui)on the iron core. This is a 
matter that other experimenters have examined. In 
Dub's book, '* Elektromagnetismus/' to which I have 
several times referred, you will also find many experi- 
ments on the best position of a coil; but it is perhaps 
sufficient to narrate a single example. Du Moncel had 
four pairs of bobbins made of exactly the same volume, 
and with 50 metres of wire on each ; one pair was 16 
centimetres long, another pair eight centimetres, or half 
the length, with not quite so many turns, because of 
course the diameter of the outer turn was larger, one 
four centimetres in length and another two centime- 
tres. These were tried both with bar magnets and 
horseshoes. It will suffice, perhaps, to give the result 
of the liorseslioe. The horseshoe was made long enough 
— h) cent i met res only, a little over six inches long — to 
carry tlie longc^st coil. Now when the compact coils 
two centimetres long were used, the ])ull on the arma- 
ture at a distance away of two millimetres (it was al- 
ways the same, of course, in the experiments) was 40 
grammes. Using the same weight of wire, but distrib- 
uted on the coils twice as long, the i)ull was 55 grammes. 
Using the coils eight centimetres long it was 75 grammes, 
and using the coils 10 centimetres long, covering the 
length of each limb, the pull was 85, clearly showing 
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that, where yon have a given length of iron, the best 
way of vinding a. magnet to muke it pull with its groat- 
est pnll is not to heap the coil up against tlie poleSj but 
to wind it uniformly; for this mode of winding will give 
yon more turns, therefore nioro finiptTO turns, therefore 
more magnetization. An exception might, liowever, 
occur in some case where there is a large percentage of 
leakage. With club-footed magnets results of tlie same 
kind are obtained. It wus found in every case that it 
was well to distribute the coil as much as possible along 
the length of the limb. All these experiments were 
made with a steady current. It doe-s not follow, how- 
ever, because winding the wire over the whole length of 
core is best for steady currents that it is the best wind- 
ing in the case of a rapidly varying current; indeed, we 
shall seu that it is not. 

EFFECT OP SHAPE OF BECTION". 

So far as the carrying capacity for magnetic lines is 
concerned, one shape of section of cores is as good as 
another; sfjuare or rectangular is as good ae round if 
containing equal sectional area. But there are two 
other reasons, both of which tell in favor of round cores. 
First, the leiikage of magnetic lines from core to core is, 
for equal mctm distances apart, pruportional to the sur- 
face of the core; and the ronnd core has less surface 
than square or rectangular of equal section. All edges 
and corners, moreover, promote leakage. Secondly, the 
quantity of copper wire thiit is required for each turn 
will be less for round cores than for cores any other 
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lape, for of all gGometrical figures of equal area j 
tarelti is the one of the least periphery. 

EFFECT OF DISTANCE BETWEEN POLES. 

Another matter that Du Moncel experimented 
^ and Dub and Niekles likewise, was the distance bet' 
tlie poles. Diib eousidered that it made no differencu 
how far the poles were apart. Niekli's had a speeial rtr- 
rangemeut made which permitted him to move the two 
upright cores or iinibs, nine centimetres high, to and 
fro on & solid bench or yoke of iron. His armature waa 
30 centimetres long. tTaing very weak currents, he 
found the effect beat whea the shortest distance be- 
tween the poles was three etntimetres; with a stronger 
current, 12 centimetres; and with his strongest current, 
nearly 30 centimetres. I think leakage must have a 
deal to do with these results. Du Moncel tried various 
experiments to elucidate this matter, and so did Prof. 
Hughes in an important but too little known re- 
search, which came out in the Annalea THegTaphiqums 
in the year 1862. 
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~ His object was to find out the best form of elei 
magnet, the best distance between the poles, and 

. best form of armature for the rapid work required in 
Hughes' printing telegraphs. One word about Hughes' 
magnet. This diagram (Fig. 61) shows the form of 
the well known Hughes electromagnet. 1 feel almost 
ashamed to say those words "well known," because al- 

I though on the Continent everybody knows what 
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mean by a Hnghea electromagnet, in Englimd scarcely 
any one tnowa what joh mean. Englishmen do not 
even know that Prof. Hughes has invented a special 
form of electromagnet. Hughes' speciiil form is this: 
A permanent steel magnet, generally a compound one, 
having soft iron pole-pieces, and a couple of coils on the 
pole-pieces only. As I have to speak of fluglies' spe- 
cial contrivance among the uiechauisms that will oc- 




cupy our attention next week, I only now refer to this 
magnet in one particular. If you wish a magnet to 
work rapidly, you will secure the most rapid action, not 
when the coila are distributed all along, but when they 
are heaped up near, not necessarily entirely on, the 
poles. Hughes made a number of researches to find out 
what the right length and thickness of these pole-pieces 
should bo. It was found an advantage not to use too 
thin pole-pieces, otherwise the magnetism from the per- 
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manent magnet did not pass tlirough the iron without 
considerable reluctunoe, l)eiiig choked by iiisuHioiencj 
of eectiou; also not to aee too thick pieces, otherwise 
they presented too much surfiice for leakage acrosB from 
one to the other. Eventually a particular leugth was 
settled upon, in proportion about six times the diame- 
ter, or rather longer. In the further reseiirobes that 
Hughes made he used a magnet of shorter form, not 
shown here, more like those employed in relays, and 
with an armature from two tu three millimetres thick, 
one centimetre wide, and five ecntimetres long. The 
poles were turned oyer at the top toward one iinother. 
Hughes tried whether there was any advantage 
in muking thotie poles approach cue another, and 
whether there wae any advantage in having aa long an 
armature as five centimetres. He tried all different 
kinds, and jilotted out the results of observutiona in 
cnrres, which could be compared and studied. His ob- 
ject was to ascertain the conditions which would give 
the strongest pull, not with a steady current, bnt with 
such currents as were reqnired for operating his print- 
ing telegraph instruments; currents which lasted only 
from one to twenty hundredths of a second. He found 
it was decidedly an advantage to shorten the length of 
the armature, BO that it did not protrude far over the 
poles. In fact, he got a sufficient niagnetie circuit to 
eeciire all the attrai^tive power that he needed, without 
allowing as much chance of leakage as there would have 
been had the armature extended a longer distance over 
the poles. He also tried various forms oC armature 
having very various cross-setjEionSi 
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POSITION AND FOIiy OF ARSlATrBR. 

Q of Du Moncel's papers on electromagnets ' yon 
will also find a diacusBion on armatures, and the best 
forms for working in different positions. Among 
other things in Dn Moneel yon will find this paradox ; 
thitt whereas, using a horseshoe magnet with flat poles, 
and a flat piece of soft iron for armature, it sticks on 
far tighter when put on edgewise, on the other hand, 
if you are going to work at a distance, across air, the 
attraction is far greater when it is set flatwise. I 
explained the advantage of narrowing the surfaces of 
contact by the law of traction, B'^ coming in. Why 
should we have for an action at a distance the greater 
advantage from placing the armature flatwise to the 
poles ? It is simply that you thereby reduce the reluc- 
tance offered by tlie air-gap to the flow of the magnetic 
lines. Dn Moneel also tried the difference between 
round armatures and flat ones, and found that a cylin- 
drical armature was onlyattraete<labout half as strongly 
as a prismatic armature having the same surface when 
at the same distance. Let us exrimine this fact in the 
light of the magnetic circuit. The poles are flat. You 
have at a certain distance away a round armature ; there 
is a certain distance between its nearest side and the 
polar surfaces. If you iiave at the same distance away 
a flat armature having the same snrfaoe, and, therefore, 
about the siime tendency to leak, why do yon get a 
greater pull in this case than in that? I think it is 
dear that, if they are at the same distance away, giving 

■ La Luiuiire Electrique, ToL II. 
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ttie siiinG range of motion, there ie a greater mugnetic 
reluctance in the case of the round armuture, although 
there is the same periphery, becatuse though the nearest 
part of the surface ia at the preBcribed distance, the rest 
of the under surface is 6irther away., bo that the gain 
found in substituting an iirmatnre with a flat surface is 
a gain resulting from the diminution in the resistance 
oflerud by the air-gap. 

POLE-PIECES ON HORSEPHOK MAGNETa, 

Another of Dn Moncel's researches' relates to the 
effeet of polar projections or shoes — movable pole-pieces, 
if you like — upon a horsefihoe electromagnet. Tlie core 
of this magnet was of round iron four centimetres in 
diameter, and the parallel limba were ten eentimetrea 
long and six centimetres jipurt. The shoes consisted of 
two flat pieces of iron slotted out at one end, so that 
they could he slid along over the poles and brought 
nearer together. The attraction exerted on a flat arma- 
ture across air-gaps two iriillimetros thick was measured 
by counterpoising. Exciting this electromagnet with a 
certain battery, it was found that the attraction was 
greatest when the shoes were pushed to about 15 milli- 
metres, or about one-quarter of the inter-polar distance, 
apart. The numbers were as follows: 

nietaiice between 
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With a stronger battery the magnet withont shooa 
had an attraction of 885 grammes, but with the shoes 15 
millimetres apart, 1,195 grammea. When one pole only 
was employed, the attraction, which was 88 gramuies 
without a shoe, was diihinished by adding a shoe to 39 
grammes ! 

C(ISTK.\ST BETWKBN ELBCTROMAUN'F.TS ANO PER- 
MANENT MAOKETS. 

Now, I want particularly to ask you to guard against 
the idea that all these results obtained from electro- 
magnets are equally applicable to permanent magnets 
of steel; they are not, for this simple reason. With 
an electromagnet, when you put the armature near, and 
make the magnetic circuit better, you not only get more 
magnetic lines going through that armature, but you 
get more magnetic lines going through the whole of the 
iron. You get more magnetic lines round the bend 
when you put an armature on to the poles, because you 
have a magnetic circuit of less reluctance, with the same 
external magnetizing power in the coils acting around 
it. Therefore, in that case, you will have a greater mag- 
netic flus all the way round. The data obtained with 
the electromagnet (Fig. 43), with the exploring coil C 
on the bend of the core, when the armature was in con- 
tact and when it was remoTed, are moat significant. 
When the armature was present it multiplied the total 
magnetic flow tenfold for weak currents and nearly 
threefold for strong cnrrents. But with a steel horse- 
shoe, magnetized once for all, the magnetic lines that 
flow around the bend of the steel are a fixed quantity. 
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and, however much you dimiiiiah the reluctance of the 
magnetic circuit, you do not create or evoke any more. 
When the armature ia away the magnetic lines arch 
acroBB, not at the ends of the horseshoe only, but from 
its flanks, the whole of the magnetic lines leaking some- 
how across the space. When you have put the armature 
ou, these lines, instead of 
«-* arching out into space as 
freely as they did, pass for 
the most part along the steel 
s and through the iron arma- 
■e". You may still have a con- 
siuerable amount of leakage, but 
you have not made one line more go 
through the bent part. You have 
ahsolutely the same number going 
through the bend with the arma- 
ture otf as with the armature ou. 
Y^ou <io not add to the total num- 
ber by reducing the magnetic re- 
luctance, because you are not work- 
^'"'^HMf^'si'mrKK^.'™ '"& under the influence of a 
constantly impressed magnetizing 
force. By putting the armature on to a steel horseshoe 
magnet you only cnlltvi the magnetic lines, you do not 
muHiphj them. This is not a matter of conjecture. 
A group of my students have been making experiments 
in the following way: They took this large steel horse- 
I shoe magnet (Fig. 53), tha length of which from end to 
md through the steel is 4ai inches. A light narrow 
' frame was constructed, so that it could he slipped ou 
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over the magnet, and on it were woudcI 30 turns of fine 
wire, to serve aa an exploring- coil. The ends of this 
coil were CEirried to a dislsmt part of the laboratory, and 
conuected to a sonsitive balllKtic galvanometer. The 
mode of experimeiitiug is as follows: The coil is slipped . 
on over the magnet (or over its armature) to any desired 
position. The armature of the niiigriot is placed gently 
upon the poles, and time enongh is allowed to elapse 
for the galvanometer needle to settle to zero. The 
armature ia theu suddenly detached. The first swing 
measures the change, due to removing the armature, in 
the number of magnetic lines that pass through the 
coil in the particular position, 

I will ronghly repeat the experiment before you; the 
sj)ot of light on the screen is reflected from my galva- 
nometer at the far end of the table. I place the explor- 
ing coil just over the pole, and slide ou the armature ; 
then close the galvanometer circuit. Now I detach the 
armature, and you observe the large swing. I shift the 
exploring coil, right up to the bend; replace the arma- 
ture; wait nntil the spot of light ia brought to rest at 
the zero of the scale. Now, on detaching the armature, 
the movement of the spot of light is quite impercepti- 
ble. Ill onr careful laboratory experiments the effect 
was noticed inch by inch ail along the magnet. The 
effect when the exploring coil was over the bend was 
not as great as l-3000th part of the effect when the coil 
was hard up to the pole. We are therefore justified in 
saying that the number of magnetic lines in a perma- 
iT_ inagi]etized steel horseshoe magnet is not altered 
presence or absence of the armature. 
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Tou will liavB noticed that I always put on the arma- 

[ ture gently. It does not do to elam on the armature ; 

\ every time you do so you knock some of the so-called 

I permanent magnotiBtn onfc of it. But you may pull off 

i the srmaLnre as suddenly :ib yon like. It does the mag- 

! net good nither than harm. There is a popular snper- 

Btition that you ought never to pull off the keeper of a 

magnet suddenly. On iuvestigatioti, it is found that 

I the facts are just the other way. Ton may pull off the 

^ keeper aa suddenly as you like; but you should never 

ilam it on. 

From these experimental results I pass to the special 

I design of electromagnets for special purposes. 

BLECTHOMAGNETS FOE MAXIMUM TBAOTION. 

These have already been dealt with in the preceding 
lecture, the characteristic feature of all the forms suit- 
ahle for traction being the compact magnetic circuit. 

Several times it has been proposed to increase the 
power of electromitgnets by constructing them with in- 
termediate masses of iron between the central core and 
the outside, between the layers of windings. All these 
constructions are founded on fallacies. Such iron is far 
better placed either right inside the coils or right out- 
side them, so that it may properly constitute a part of 
the magnetic circuit. The constructions known as 
Camacho's and Cancu's, and one patented hy Mr. S. A. 
Varley in 1877, belongiug to this delusive order of ideas, 
are now entirely obsolete. 

Another construction which is periodically brought 
forward iiu a novelty is the use of iron windings of wire 
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or strip in place of copper winding. The lower elec- 
tric conductivity of iron, aa compared with copper, 
makes such u oonstruction wttstefnl of exciting power. 
To apply equal magnetizing power by means of an iron 
coil implies the expenditure of about sis times aa many 
watts as ueed be expended if the coil is of copper. 

electkomaqnets for maximum kange of 
attiui";tion". 
We have already luid down the principle which will 
enable us to design electromagnets to act at a distiince. 
We want onr magnet to project, aa it were, its force 
across the greatest length of air-gap. Oleariy, then, 
such a magnet must have a very lurge magnetiKing 
power, with many anipt^re tuma upon it, to be able to 
make the ret^uired number of magnetic lines puss across 
the air resistance. Also it is clear that the poles maet 
not be too close together for its work, otherwise the 
magnetic lines at one pole will be likely to coil round 
and faike short cats to the other pole. There must bo a 
wider width between the poles thau is desirable in elec- 
tromagnets for traction. 

ELECTROMAGNKTS OF MtNIMUM WEIGHT. 

In designing an apparatus to put on board a boat or 
a balloon, where weight is a consideration of primary 
importance, there is again a difference. There are three 
things that come into play — iron, copper, and electric 
current. The current weighs nothing; therefore if you 
are going to sacrifice everything else to weight, you may 
have comparatively little iron; but you must have 
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I flnough copper to be able to carry the electric current; 
I and uuder Buch circuniEtarceB you must not mind heat' 
your wires nearly red hot to puss the biggest possi- 
, biocurrent. Provide as little copperas you conveniently 
can, siLcrificiug economy in that case to the attainment 
I of your object; but, of course, jou must use fire-proof 
L material, such as asbestos, for insulating, intitead of cot- 
I ton or silk. 



A USEFDL GUtDINfi PRINCIPLE, 

In all eases of design there is one leading principle 
which will be found of great assistance; namely, that a 
magnet always tends so to act us though it tried to 
diminish the length of its magnetic circuit. It tries to 
grow more compact. This is the reverse of that which 
holds good with an electric current. The electric cir- 
cuit always tries to enlarge itself, so as to inclose as 
much space as possible, hut the magnetic circuit always 
tries to make itself as compact as possible. Armatures 
are drawn in as near as can he, to close np the magnetic 
circuit. Many two-pole electromagnets show a tendency 
to bend together when the current is turned on. One 
form in particular, which was devised by RuhmkorfC for 
the purpose of repeating Faraday's celebrated experi- 
ment on the magnetic rotation of polarized light, is 
liable to this defect. Indeed, this form of electromag- 
net is often designed very badly, the yoke being too 
thin, both mechanically and magnetically, for the pnr- 
I pose which it has to fulfill. 

Here is a small electric bell, constructed by Wagoner, 
of Wiesbaden, the construction of which illustrates this 
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principle. The electromagnet, a horseshoe, lies horizon- 
tally; its poles are provided with protruding, curved 
pitiB of brass. Throngh the armature are drilled two 
holes, so that it can be hung upon the two brass pins, 
and wheu so hung up it touches the ends of the ifon 
cores just at one edge, being held from more perfect 
contact by a spring. There la no complete giip, there- 
fore, in the magnetic circuit. When the current comes 
and applies a irtfliifnpti^inp' power it finds the magnetio 




circuit already complete in the sense that there are no 
absolute gaps. But the circuit cjin be bettered by tilt- 
ing the armature to bring it flat against the polar ends, 
that being indeed the mode of motion. This is a most 
reliable and aenaitive pattern of bell. 

Eled-TomagneUi: Po}>Gun. — Here is another curious 
illustration of the tendency to complete the magnetic 
circnit. Here is a tubular electromagnet (Fig. 53), con- 
sisting of a small bobbin, the core of which is an iron 
tobe about two inchea long. There is nothing very un- 
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nauul about it; it will stick on, as you see, to pieces of 
iron when the cuiTent is turned on. It clearly ie an 
ordinury electroiuaguet iu that respect. Now, Buppose 
I take a little round rod of iron, about an incli long, and 
put it into the end of the tube, what will happen when 
I turn on my current ? In this apparatus us it stands 
I t)ie magnetic circuit consists of a short length of iron, 
and then all the rest is air. The magnetic cireuifc will 
try to complete itself, not by Bhortening the iron, hut 
by Ungthnniiig it; by pushing the piece of iron out ho 
H,s to afford more surface for leakage. That is exactly 
what happens; for, as you see, when I turn on the cur- 
rent the little piece of iron shoots out and drops down. 
You see that little piece of iron shoot out with consid- 
erable force. It becomes ii sort of magnetic pop-gun. 
This is an experiment which has been twice discovered. 
I found it first described by Count Dn Moncel, in the 
pages of La LunUere Elecirique, under the name of the 
"pistolet filectromagn^tiqiie;" and Mr. Shelford Bid- 
well invented it independently. I iini indebted to him 
for the use of this apparatus. He gave an account of it 
to the Physical Society in 188.% but the reporter missed 
it, I Huppose, as there is no record in the society's pro- 



ELECTROMAGNETS FOR USE WITH ALTERNATING 
CURRENTS, 

Wlien you are designing electromagnets for use with 
alternating currents, it is necessary to make a change 
me respect, namely, you must so laminate the iron 
t internal eddy currents shiiU not occur; indeed, for 
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all rapid acting electromagnetic apparatus it is a good 
rule that the irou must uot be s >lid. It is not usual 
with telcgmphiu instruments to luminate them by mak- 
ing up the core of bundles of iron plates or wires, but 
they are often made with tubular cores ; that is to say, 
the cylindi'ica,] iron core is drilled with a hole down the 
middle, and the tube so formed is slit with a saw-cut to 
prevent the circulation of currents in the substance of 
the tube. Now, when electromagnets are to be employed 
with rapidly alternating currents, such as are used for 
dectric lighting, the frequency of the altornalions being 
nsnally about 100 pejjiods per second, slitting the cores 
u insufficient to guard against eddy currents; nothing 
.Bhort of completely laminating the cores is a satisfac- 
tory remtidy. I have here, thanks to the Brush Electric 
Engineering Company, an electromagnet of the special 
form that is used in the Brush arc lamp when rcijuired 
for the purpose of working in an alternating current 
■(lircnit. It has two bobbins that are screwed up against 
le top of an irou box at the head of the lamp. The 
slab serves as a kind of yoke to carry the magnet- 
iJBm across the top. There are no fixed cores in the 
bobbins, wliich are entered by the ends of a pair of 
joked plungers. Now in the ordinary Brush lamp for 
with a steady current the plungers are simply two 
rand pieces of iron tjippcd into a common yoke ; but 
alternate current working this construction m.ust 
it be used, and instead a U-shaped double plunger is 
ised, made up of laminated iron, riveted together. Of 
iurse it is no novelty to use a laminated core; that de- 
ice, first usel by Jouluj and then by Cowper, has been 
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repiit^Lted rather too often during the past 60 years to 
be considered as ft recent invention. 

The alternate riipid reversals uf the miiguetisni in the 
magnetic field of an electromagnet, when excited by 
' alternating electric currents, sets up eddy currents in 
' every piece of undivided metiil within range. All 
fmraes, bobbin tubes, bobbin enda and the like must be 
most carefully slit, otherwise they will overhea,!. If a 
domestic flat-iron is placed on the top of the poles of a 
properly laminated electromagnet, supplied with alter- 
' natiiig currents, the fliit^Lron is speedily heated up by 
the eddy currents that aro generated internally within 
it. The eddy currents set up by induction in neighbor- 
ing masses of metal, especially in good conducting 
metals, such as copper, give rise to many curious phe- 
nomena. For example, a copper disc or copper ring 
placed over the pole of a straight electromagnet so ex- 
cited is violently repelled. These remarkable phenom- 
ena have been recently investigated by Prof. Elihu 
Thomson, with whose beautiful and elaborate researches 
we have lately been made conversant in the pages of the 
technical journals. He rightly attributes many of the 
repulsion phenomena to the lag in phase of the alternat- 
ing currents thus induced in the conducting metal. The 
electromagnetic inertia, or self -inductive property of 
the electric circuit, causes the currents to I'ise and fall 
later in time than the electromotive forces by which 
they are occasioned. In all such eases the impedance 
which the circuit offers is made up of two things — re- 
sistance and indnctauce. Both these causes tend to 
diminish the amount of current that flows, itud the in- 
ductance also tends to delay the flow. 
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BLECTROMAONETH FOR tiUK'KEST ACTION. 

t have already meutioned Ilughes' researches on the 
form of electromagnet best adaiited for rapid signaling. 
I have also incidentally mentioned the fact that where 
rapidly varying currents are employed, the strength of 
the electric current that a given battery can yield is de- 
termined nut so much by the resistance of the electric 
circuit, but by its electric inertia. It is not a very easy 
task to explain precisely what happens to an electric 
circuit when the current is turned on suddenly. The 
current does not suddenly rise to its full value, being 
retarded by inertia. The ordinary law of Ohm in its 
simple form no longer applies; one needs to apply that 
other law which boars the name of the law of Ilelm- 
holtz, the use of which is to give us an expression, not 
for the final value of the current, but for its value at 
any short time, /, after the current has been turned on. 
The strength of the current after a lapse of a short time, 
t, cannot be calculated by the simple process of taking 
the electromotive force and dividing it by the resistance, 
as you would calculate steady cnrrenta. 

In symbols, Ilelmholtz's law is: 



in this formula i, means the strength of the current 
after the lapse of a short time i; E is the electromotive 
force; R the resistance of the whole circuit; L its co- 
efficient of self-induction; and e the number 3.TI83, 
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which is the base of the Napieriaii logarithms. Let ub 
look at this formula; in its general form it resembleB 
Ohm's law, but with a new factor, namely, the ezpres- 

a contaiiieil within the brncketa. This factor is nec- 
I eaaarily a fractional quantity, for it consists of unity 
less a certain negative exponential, which we will pres- 
ently further consider. If the factor within brackets is 
a quantity less than nnity, thiit signiflea that i, will be 
less than E -i- R. Now the exponential of negative 
sign, and with negative fractional index, is rather a 
troublesome thing to deal with in a popular lecture. 
Our beet way is to calculate some values, and then plot 
it oat as a curve. When ouce yon have got it into the 
form of a curve, you can begin to think about it, for 

1 curve gives you a mental picture of the facts that 
the long formula expresses in the abstract. Accordingly 
e will take the following case; Let ^ = lOvolts; R = 
1 ohm; and let us take a relatively large self-induction, 
as to exaggerate the effect; say let i = 10 quads. 
This gives us the following: 
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In this case the value of the steady uurront as calcu- 
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lated by Ohm's law is 10 ampt^res; but Helmholtz's 
law shows TIB that with tlie great self-indnctioii, which 
we have asBumed to be present, the current, even ut the 
end of 30 souonds, lias only risen up to within 95 per 
cent, of its final valne; and only at the end of two min- 
ntes has practically attained full strength. These values 
are set out in the highest curve in Fig. 54, in which, 
however, the further Buppoaition is made that the num- 
ber of spirals S in the coils of the electromagnet is 100, 
80 that when the current attains its full value of 10 
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amperes the full magnetizing power will be Si = 
1,000. It will be noticed that the curve rises from zero 
at first steeply and nearly in a straight line, then bends 
over, and then becomes nearly straight agaiu as it grad- 
ually riaoH to Its limiting value. The first part of the 
curve — that relating to the strength of the current after 
a verr/ small interval of time — is the period within 
which the strength of the current is governed by inertia 
(i. e., the self-induction) rather than by resistance. In 
reality the current is not governed either by the self- 
induction or by the resistance alone, but by the ratio of 
e two. This ratio is sometimes called the " time-con- 
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atant " of tlie circDit, for it represents lAe time which 
the ctirruDt takes in that circuit to rise to ti detioite 
fmctiun of its final value. This definite fraction is the 

fraction ; or in decimals, 0.634. All curves of rise 

of current arc alike in general shape — they differ only 
in scale; that is to say, they differ only in the height to 
which they will ultimately rise, and in the time they 
will take to attain this fraction of their final value. 

Example (1).— SnppoBe S = 10; JJ = 400 ohms; i =8. 
The final value ot the current will be 0.IJ25 ampere or 35 
millloiup&ree. Then the time-constant will be 8 -s- 400 = 
1-BOth second. 

Example (3).— The P. 0. Standard "A" relay has B = 400 
ohms; L=S.ia. It works with U.o milliainpere current, and 
therefore will work with 5 Daniell cells through a, line ot 
B,HOO uhiuB. Under these circumstanees the tiuie-constant 
of the instrument on aliort circuit is 0.0081 second. 

It will be noted that the time-constant of a circuit can 

be reduced either by diminishing the self-induction, or 

by increasing the resistance. In Fig. 54 the position of 

the timft-constant for the top curve is shown by the 

vertical dotted line at 10 seconds. The current will 

, take 10 seconds to rise to 0.634 of its fiual value. This 

retardation of the rise of eurreut is simply due to the 

presence of coils and electromagnets in the circuit; the 

, onrrent as it grows hciug retarded because it bus to 

f create magnetic fields in these coila, and so sets up op- 

t posing electromotive forces that prevent it from grow- 

[ ing all at once to its full strength. Many electricians 

acquainted with Helmboltz's law liave been in the 
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liabit of accounting for this by saying that there is a 
liig in the iron of the electromagnet cores. They tell 
yoa that jlq iron core cftnoot be magnetized snddenly; 
that it takes time to acqnire its magnetiarn. They think 
it is one of the properties of iron. But we know that 
the only true time-lag in the magnetization of iron — 
that which is properly termed " viscous hysteresis " — 
does not amount to three per cent, of the whole amount 
of magnetization, takes comparativeiy a long time to 
show itself, and cannot therefore he the cause of the 
retardation which we are considering. There are also 
electricians who wi!l tell yon tliat when magnetization 
is suddenly evoked iu an iron bar there are indnction 
currents set up in the iron which oppose and deiay its 
magnetization. That they oppose the magnetization is 
perfectly true ; but if yon carefully lamioate the iron 
BO as to eliminate eddy currents, you will find, strangely 
enough, that the magnetism rises still more slowly to 
its final value. For by laminating the iron you haTe 
virtually increased the self-inductive action, and in- 
creased the time-constant of the circuit, ao that the 
currents rise more slowly than before. The lag is not 
in the iron, but iu the magnetizing current, and the 
current being retarded, the magnetization is, of coarse. 
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:iNU COILS FOK QITCKEST ArTION. 

Now let UB apply these most important thongh rather 
intricate considerations to tlie practical problems of 
the quick working of the electromagnet. Take the case 
electromagnet forming some part of the receiving 
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apparatus o( a telegraph eyBtem, in which it is desired 
to secure veiy rapid woriting. Suppose tlie two coils 
tliat are wound upon the horseshoe core are conneeteU 
together ill series. The coefficient of self-induction for 
tliese two IB four times as great as that of either sepa- 
rately; coeffloients of self-induction being proportional 
to the square of the number of turns of wire that sur- 
round a given core. Now if the two coils, instead of 
being put in series, are put in parallel, the coefficient 
of self-induction will be reduced to the same viihie ns if 
there were only one coil, because half the line current 

! {which is practically unaltered) will go tlirough eiich 
coil. Hence the time-constant of tlie circuit when the 
coils are in parallel will be a quarter of that which it is 
when the coils are in series; on the other hand, for a 
given line current, the final magnetizing power of the 
two cnilB in parallel la onlj' half what it would be with 
the coils in series. The two lower curves in Fig. 64 illus- 
trate this, from which it is at once plain that the mag- 
netizing power for very brief currents Is greater when 
the two coils are put in parallel with one another than 
when they are joined in series. 
Now this circumstance has been known for some time 
to telegraph engineers. It has been patented several 
times over. It has formed the theme of scientific papers 
which have been read both in Prance and in England, 
The explanation generally given of the advantage of 
uniting the coils in parallel is, I think, fallacious; 
namely, that the "extra currents "(i.e., currents due to 
Belf-ind notion) set up in the two coils are induced in 
suoh directions as tend to help one another when the 
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coils are in aeries, and to neutralize one another when 
they are in parallel. It is a fallucy, because in neither 
Cixse do they neutralize one another. Whichever way 
the current flows to make the mugnetism, it is opposed 
in the coila while the current is falling by the so-called 
extrii currents. If the curreut is rising in both coils at 
the same moment, then, whether the coils are in Beriee 
or in parallel, the effect of self-induction is to retard 
the rise of the current. The advantage of parallel 
grouping 18 simply that it redncea the time-constant. 

BATTERY OROUPING FOK QUICKEST ACTION. 

One may consider the quoalion of grouping the bat- 
tery cells from the same point of view. How does the 
need for rapid working and the question of time-con- 
stant affect the best mode of grouping the battery cells ? 
The amateur's rule, which tells you to so arrange your 
battery that its internal resistance should be equal to 
the external resistance, gives you a result wholly wrong 
for rapid working. The supposed best arrangement 
will not give you (at the expense even of economy) the 
best result that might be got out of the given number 
of cells. Let us take an example and calculate it out, 
and place the results graphicjilly before our eyes in the 
form of curves. Suppose the line and electromagnet 
have together a resistance of six ohms, and that we have 
24 BmairDaniell'a cells, each of electromotive force, say, 
one volt, and of internal resistance four ohms. Also 
let the coefficient of eelf-induetion of the electromagnet 
and circuit be six quadrants. When all the cells are in 
Beries, the rosistanco of the battery will be 013 ohms, the 
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, total resist^mce of the circuit 103 ohms, and the full 
«o of the cnrrent 0.235 umpire. When all the cells 
I «re in parallel the resistnnce of the battery will be 0.133 

ohm, the total resistutice 6.133 ohms, and the full value 
' of the current 0.162 ampi'^re. According to the amateur 
I rule of gronpiug cells so that iiitemiU resietance equuls 

externtil, we must arrange the cells iu four parallele, 
, each having aix cells iu series, so that the internal re- 
I sistancc of the battery will he six ohms, total resistance 

of circuit 13 ohms, full value of current 0,5 amn 




I 



Now the corresponding time-constants of the circd _ 
the three cases (csileulated by dividing the coefficient 
Belf-iuductiou by the total resistance) will be respect- 
ively — in series, 0.06 sec; in parallel, 0.96 sec; grouped 
for maximum steady current, 0.5 sec, From these data 
we may now draw the three curves, as in Fig. 55, wherein 
the abscissse are the values of time iu seconds, and the 
ordinatea the current. The faint vertical dotted lines 
mark the time-constants in the three cases. It will be 
seen that when nipid working is required the maguetia- 
!ut will rise, during short intervals of 
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more rapidly if all the eella are pat in series than it will 
do if the cells iire grouped According to the amateur 
rule. 

When they are all put in aeries, so that the battery 
has a mui!h greater resistance thaa the rest of the cir- 
cnit, the current rises much more rapidly, because of the 
smallness of the time-cons tan t, although it never attains 
the same ultimate maximum as when grouped in the 
other way. That is to say, if there is self-induction as 
well as resistance in the circuit, the amateur rule does 
not tell you the best way of arranging the battery. 
There is another mode of regarding the matter which 
is helpful. Self-induction, while the current is grow- 
ing, acts as if there were a sort of spurious addition to 
the resistance of the circuit; and while the current is 
dying away it acts of course in the other way, as if there 
were a subtraction from the resistance. Therefore yon 
ought to arrange the batteries so tluit the internal resist- 
ance is equal to the real resistance of the circuit, plus 
the spurious resistance during that time. But how 
much is the spuriona resistance during that time ? It 
is a resistance proportional to the time that has elapsed 
since the current was turned on. So then it comes to 
the question of the length of time for which yon want 
to work it. What fraction of a second do you require 
your signal to be given in ? What is the rate of the 
Tibrator of your eJectric hell ? Suppose you have settled 
f iliat point, and that the short time during which the 
rent is required to rise is called tj then the apparent 
nlBtance at time / after the current is turned on is 
pven by the formula: 
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TIME-CONaTANTB OF ELECXBOMAQIfBTa 

I may here refer to aoine determinations made by M. 

Vasehj,' respecting tlio eoefficieiita of self -induction of 

the electron) a gnets of a nnmber of pieces of telegraphic 

appanitua. Of tlieee I must only quote one result, which 

is very significant; it reliitcs to the electromagnet of a 

Morse receiver of the pattern habitually used on the 

French telegraph lines. 

/., Id iiuadmnU. 

Bal)l)[nEi. Beparatelr, witbaut iroD cores. 0.3S3 and O.Slie 

Bohliins, ffeponilelyi "IIJ" Iron cores l.BS and I.TI 

Bobbins, with L'oresjnlnedl? fake, colla la serlea 1.37 

BobbiDH, with armUQre resting uD pDlea 10.<1S 

It is interesting to note how the perfecting of the 
magnetic circuit increases the self-induction. 

Thanks to the kindness of Mr. Preece, I have been 
furnished with some most valuable information about 
the coefl^cients of self-induction, and the resistance of 
the standard pattern of reluys and other inatrnments 
which are used in the British postal telegraph ser\-ioe, 
from which data one is able to sjiy exactly what the 
time-constants of those instruments will be on a given 
circuit, and how long in their j^ase the current viH taka 
to rise to any given fraction of its final value- Uere let 
me refer to a very capital pa])er by Mr. Preece in an old 
numher of the "Journal of the Society of Telegraph 
Engineers," a paper "On Shunts," in which be treats 
this question, not as perfectly as it could now be treated 
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with tlie fuller knowledge we have iu 1890 about the 
coeffiL'ieiits of self-induction, but iu u very ueeful and 
praeticiil way. He showed moat completely that the 
more perfect the magiietic circuit ia — though, of course, 
you are getting more magnetism from your curreut— 
the more is that current retarded. Mr, Preece's mode 
of experiment was extremely simple ; he observed the 
throw of the galvanometer, when the circuit which con- 
tained the battery and the electromagnet'was opened by 
a key which art the same moment connected the electro- 
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magnet wires to the galvanometer. The throw of the 
galvanometer was assumed to represent the extra cur- 
rent which flowed out. Fig. 56 represents a few of the 
results of Mr. Preece's paper. Take from an ordinary 
relay a coil, with its iron core, half the electromagnet, 
BO to speak, without any yoke or armature. Connect it 
up as described, and observe the throw given to the 
galvanometer. The amount of throw obtained from the 
single coil was taken its unity, and all others were com- 
pared with it. If you join up two such coils as they 
are usually joined, in series, but without any iron yoke 
across the tores, the throw Wits 17. Putting the iron 
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yoke across the corns, to constituto a horseshoe form, 
496 WHS the throw; thut is to say, the tendeiioy of this 
electromagnet to retard the current was 496 times as 
greiil as thut i>f the simple coil. Hut when an armature 
was [Hit over thu top the effect ran up to S,ii38. By 
the mere device of putting the coils in parallel, inBtead 
of in aeries, the 2,338 came down to 503, a little less 
than the quarter value which would have been espected. 
Lastly, when the armature and yoke were both of them 
split in the middle, as is dune iu fact in all the standard 
patterns of the British Postal Telegraph relays, the 
throw of the galvanometer was hrotight down from 502 
to ^6. Relays ho constructed will work exeeasively rap- 
idly. Mr. Preeee states that with the old pattern of 
relay having so mnch self-induction as to give a galva- 
nometer throw of 1,688, the spoed of signaling wasonly 
from 50 to 60 words per minute; whereas with the 
standard relays constructed on the new plan, the speed 
of signaling is from 400 to 450 words per minute. It 
ifl a very interesting and beautiful result to arrive at 
from the experimental study of these magnetic circuits. 

8H0HT COEES TEEaUS LONG CORES. 

In considering the forms that are best for rapid ac- 
tion, it ought to be mentioned that the effects of hya- 
teresis iu retarding changes in the magnetization of 
iron cores are much more noticeable in the case of 
nearly closed magnetic circuits than in short pieces. 
Electromagnets with iron armatures in contact ucroES 
their poles will retain, after the current has been cut 
off, a very large piirt of their niagnetifim, even if the 
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cores be of the softest of iron. But so soon as the arma- 
ture ia wrenched off the magnetism disappears. An air- 
gap in a magnetic circuit alwiiys tends to hasten de- 
magnetizing. A magnetic circuit composed of a long 
air path and a short iron path demagnetizes itself much 
more rapidly than one composed of a short air path and 
a long iron path. In long pieces of iron the mutual 
actions of the various parts tend to keep in them any 
magnetization that they may possess; hence they are 
less readily demagnetized. In short pieces where these 
mutual actions are feeble, or almost absent, the mag- 
netization is less stable and disiippears almost instantly 
on the cessation of the magnetizing force. Short bits 
and small spheres of iron have no " magnetic memory." 
Hence the cause of the commonly received opinion 
among telegraph engineers that for rapid work electro- 
magnets most have short cores. As we have seen, the 
only reason for employing long eore_s is to afford the 
requisite length for winding the wire which is neces- 
sary for carrying the needful circulation of current to 
force the magnetism across the air-g-aps. If, for the 
sake of rapidity of action, length has to be sacrificed, 
then the coils must be heaped up more tJiickly on the 
short cores. The electromagnets in Amorictin patterns 
of telegraphic apparatus usually have shorter cores and 
a relatively greater thickness of winding upon them 
than those of European patterns. 
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LECTURE TV. 

ELEt'TROMAfiNETlG MECHANI8M. 

The task before me to-night comprisea the following 
matters: Firat, to speuk of that piirticular variety of 
the electromagnet in which the iron core^ instead of 
being attached to the coils, Ib movable, and is attracted 
into them. Secondly, to speak of the modes of eqnallz- 
ing the pull of electromagnets of Tarious sorts over their 
range of action. Thirdly, to describe sundry mechan- 
isms which depend on electromagnets. Lastly, to dis- 
cuss the modes of prevention or diminution of the spark- 
ing which is so almost invariably found to accompany ' 
the break of circuit when one is using an electromagnet. 



THE COIL-AND-PLUKGER. 

First, then, let me deal with the apparatus wherein 
an iron core is attracted into a tubular coil or solenoid, 
an apparatus whieh, for the sake of brevity, I take the 
liberty of naming ns the coil-aml-pJunger. Now, from 
quite early times, from 1833 at any rate, it was known 
that a coil would attract a piece of iron into it, and that 
this action resembled somewhat the action of a piston 
going into a cylinder — resembled it, I mean to aay, in 
possessing an extended range of action. The use of 
such a device as the coiWind -plunger waa oven patented 



LECTURES ON THE ELECTROMAtiNET. 323 

in this country in 1846 under the name of "a new elec- 
tromagnet." Electromagnetic engines, or motors, were 
made on this plan by Page, and afterward by others, 
and it became generally known as a distinct device. 
But even now, if you inquire into the literature of the 
text-books to know what are the peculiar properties of 
the coil-and-plunger arrangement, you will find that the 
books give you next to no informatioii. They are eon- 
tent to deal with the thing in very general terms by 
saying: Here is a sort of sucking magnet; the core is 
attracted in. Some books go so far as to tell you that 
the pull is greatest when the core is about half way in; 
a statement which is true in one particular case, but 
false in a great many others. Another book tells yoa 
that the pull is greatest at a point one centimetre below 
the centre of the coil, for plungers of all different lengths 
—which is quite untrue. Another book tells you that 
a wide coil pulls less powerfully thau a narrow one; a 
statement which is true for some cases and not for 
others. The books also give you some approximate 
rules, which, however, are very little to the point. The 
reason why this ought to receive much more careful 
consideratiou is because in thie mechanism of coil-and- 
plunger we have a real means not only of equalizing, 
but also of vastly extending the range of the poll of the 
electromagnet. Let us take a very simple example for 
the sake of contrasting the range of action of the ordi- 
nary electromagnet with the range of action of the coil- 
and-plunger. 

Here are some numbers which are given in a paper 
with which I have long been familiar, a paper read by 



the Iat« Mr. Itobert Uutitin 1856, before the Institation 

of Civil Engiotwrs, wiiii that emineDt engineer, lioberl 

StepheuMin, in thi; ehuir. Hr. liunt deecribed the vari- 

i>ii8 types of moturs, and apoke of this i^aisiiuD of the 

noge of actiou. He recounted some experiments of 

hia own in which tlie following was the range of action. 

^ ThiTe was a horaesboe eleo- 

n H tromngnut which ut distance 
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given by another meehtinism, not tjuite the simple coil- 
und-piunger, bnt a variety of electromuguet brought out 
about the year 1845 by a Dane, living in Liverpc 
nameil Hjorth, wherein a sort of hollow, truncated e 
of iron (Fig. 57), with coils wound npon it — a holll 
ulectro magnet, in fact — was ciiusod to act on auotbl^ 
electromagnet, one being caused to plunge into the 
other. Now we have no information what the pull was 
at distance zero with this curiouij uriiuigemeut i 
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Hjorth's, but at a distance of one inch the poll (with 
a very much larger apparatus than Hunt's) was 160 
pounds, the pull at throe inches was 88 pounds, at five 
inches 72 pounds. Here, then, we have a range of action 
going not over ji^th of an inch, but over five inches, and 
falling not from 2^0 to 36, hut from 160 to 73, obviously 
a much more equable kind of range. At the Institution 
of Civil Engineers on that occasion a number of the 
moat celebrated men, Joule, Cowpcr, Sir William Thom- 
son, Mr. Justice Grove, and Prof. Tyndidl, discussed 
these matters — discussed them up aud down — from the 
point of Tiew of range of action, and from the point of 
view of tiie fact that there was no means of working 
them at that time exi;ept by tlic consumption of zinc in 
a primary battery; and they all came to the conclusion 
that electric motors would never pay. Robert Stephen- 
son summed up the debate at tlie end in the following 
words: "In closing the discussion," he remarked, 
" there could be no doubt from ivbat had been said that 
the application of voltaic electricity, in whatever shape it 
might be developed, was entirely out of the question 
commercially speaking. Without, however, considering 
the subject in that point of view, the mechanical appli- 
cations seemed to involve almost insuperable difficulties. 
The power exhibited by electron) agnetism, though very 
great, extended through so small a space as to he prac- 
tically useless. .4 powerful magnet mii/hl be compared, 
for the sake of illustration, to a steam engine with an 
enormous piston but with an exceedingly short stroke ; 
such an arrangement was well knoten to be very undesir- 
able." 
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Well, from the discussion in 1856 — when this <]iies- 
tion of the length of range was so diatinctly set forth- 
down to the present, there havo been a large number of 
attempts to ascertain exactly how to design a long range 
eloctromugnet, and those who have succeeded have, as a 
general rule, not been tlje theorists; rather they have 
been men corapelled by force of circnmstances to arrive 
at their result by some kind of — shall we call it — "de- 
signing eye," by having a, sort of intuitive perception of 
what was wanted, and going about it in some rough- 
and-roady way of their own. Indeed, I am afraid had 
they tried to get much light from calculations baaed on 
orthodox notions respecting the surface distribution 
of magnetism, and all that kind of thing, they would 
not have been much helped. There is our old friend, 
the law of inverse squares, which would of course turn 
up the first thing, and they would be told that it would 
be impossible to have a magnet that pulled eqnally 
through any range, becimse the pull was certain to vary 
inversely according to the square of the distance, I 
noticed that, in a report of my second lecture in one of 
the London journals, I am announced to have said that 
the law of inverse squares did not apply to electric 
forces. I beg to remark I have said no such thing. It 
is well to be precise as to what one does say. There 
has been a lively discussion going on quite lately whether 
sound varies as the si^uare of the distance— or rathor, 
whether the intensity of it does — and the ]ieople who 
dispute on both sides of the case do not seem to know 
what the law of inverse squares means. I have also seen 
the statement made last week in the columns of The 
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Times, by one who is supposed to be iiu eminent author- 
itj on eyesight, that the intensity of the color of a Sfiar- 
let geranium varies inversely with the square of the rlis- 
tance from which you see it. More utter nonsense was 
never written. The fact is, the hiw of inverse sijuares, 
which IB a perfectly true math ematicjil law, is true not 
only for electricity, but for light, for sound, and for 
everything else, provided it is applied to the one case to 
which a law of inverse squares is applicable. That law 
is a law expressing the w:iy in which action at a distance 
falls off when the thing from which the action is pro- 
ceeding is Eo small compared with the distance in ques- 
tion that it may be regarded as a puint. The law of 
inverse squares is the law universal of action proceeding 
from a point. The music of an orchestra at 10 feet 
distance is not four times as loud as at SO feet distance; 
for the size of an orchestra cannot be regarded as a 
mere point in comparison with these distances. If you 
can conceive of an object giving out a sound, and the 
object being so small in rehitioii to the distance at which 
you are away from it that it Is a point, the law of in- 
verse squares is all right for that, not for the intensity 
of your hearing, but for the intensity of that to which 
your sensation is directed. In no ease, however, are 
sensations absolutely proportional to their causes. When 
the magnetic action proceeds from something so small 
that it may be regarded as a point compared with the 
distance, then the law of inverse squares is necessarily 
and mathematically true. 

Ton may remember that I produced an apparatus 
(Fig. 27) which I said was the only apparatus hitherto 
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devised which did directly prove, esperimentally, the 
law of inverse squares for the caee of a mugnetii; pule. 
There wua in it a pole, virtually a point at a eonsidera- 
ble distance from a small naagnetic needle, which was 
also virtually a point. 

The law of inverse squares is true; but it is not what 
one works with when one deals with electromagnets 
having ends of a visible size, acting on armatnres them- 
selves of visible sizeB, and quite close to them. If you 
take a case which never occurs in practice, an armature 
of hard steel, permanently magnetized, so far away from 
an electromagnet (or rather from one pole only) that 
the distance between the one pole and the armature on 
which you are acting is so very groat eonipared with 
each of them that each of them may be regarded by 
comparison as a point, then the law of inverse squares 
may be rightly applied, but not unless. 

Now we want to arrive at a true Ihw. "W'e want to 
know exactly what the law of action of the coil-and- 
plunger ia. It is not a very dilficult thing to work out, 
provided you get hold oi the right ideas. We must 
begin with a simple case, that of a short coil consisting 
of but one turn, acting on a single point pole. From 
this we may proceed to consider the effect on a point 
pole of a long tube of coil. Then we may go on to a 
mora complex case of the tube coil acting on a very long 
iron core; and last of all from the very long iron core 
we may pass to the case of a short core- 
Yon all know bow a lojig tube of coil such as this 
will act on an iron core. Let us make an experiment 
with it, I torn on the current so that it circulates 
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around the coil along the tube, and when I hold in front 
of the aperture of the tohe this rod of soft iron, it is 
sucked into the coil. When I pull it out a little way 
it riina Lack, ae with a spriug. The current happens to 
he B, strong one — ahout SSamptVes; there are about 700 
tnrnB of wire on the coil. The rod is ahout one inch in 
diameter and 20 inches long. So great ia the pull that 
I cannot pull it entirely out. The pnll was very small 
when the rod was outside, hut as soon as it gets in it is 
pulled actively, runs in and settles down with the ends 
equally protruding. The tubular coil I have been using 
is about 14 inches long; hut now let us consider a 
shorter coil. Here is one ouly half an inch from one 
end to the other, hut I have one somewhere still shorter, 
so short that the length, parallel to the axis, is very 
small compiired with the diameter of the aperture with- 
in. The wire on it eonaista of but ou0 single turn. 
Taking such a coil, treating it as only one single ring, 
with the current going once round, in what way does it 
act on a magnet that is placed on tlje axis ? First of 
all, take the case of a very long permanently magnet- 
ized steel magnet, so long, indeed, that any action on 
the more distant pole is so feeble that it may bo disre- 
garded altogether and only one pole, aay the north pole, 
is near the coil. In what way will that single turn of 
coil act on that single pole? This is the rule, that the 
pull does not vary inversely as the square of the dis- 
tance, nor us any power at all of the distance measured 
straight along the axis, but inversely as the cube of the 
slant distance. Let the point in Fig. 58 represent 
the centre of tlie ring. Its radius being i/. The line OP 
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is the axis of the ring, and the distance from O to P 
we will call x. The slant distance from P to the ring 
we call a. Then the pull on the axis toward the centre 

of this coil varies inversely as the 
cube of a. That law can be plotted 
out in a curve for the sake of ob- 
serving the variations of pull at 
various points along the axis. Al- 
low me to draw your attention to 

Fig. 58.— Action of Single Fig. 59, whicll represents a SCCtion 

or edge view of the coil. At vari- 
ous distances right and left of the 
coil are plotted out vertically the corresponding force, 
the calculations being made for a current of 10 amperes, 
circulating once around a ring of one centimetre radius. 
The force with which such a current acts on a magnetic 
pole of unit strength placed at the central point is 6.28 
dynes. If the pole is moved away down the axis, the 
pull is diminished; at a distance away equal in length to 



Coil on Point Polk on 
Axis. 
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Fig. 59.— Action along Axis op Single Coiii. 



the radius it has fallen to 2.22 dynes. At a distance 
equal to twice the radius, or one diameter, it is only 0.56 
dyne, loss than one-tenth of what it was at the centre. 
At two diameters it has fallen to 0.17 dyne, or less than 
three per cent.; and the force at three diameters is only 
about two per cent, of that at the centre. 
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If, then, we could take a t^ery long magnet, we may 
ntterly neglect the action on the distant pole. If I had 
a long steel magnet with the south pole five or six feet 
away, and the north pole at a poibt three diameters 
(i. e,, six centimetres in this case) distant from the mouth 
of the coil, then the pull of the current in one spiral on 
the north pole three diameters away would be practi- 
cally negligible; it would be less than two per cent, of 
what the pull would be of that single coil when the pole 
was pushed right up into it. But now, in the case of 
the tubular coil, consisting oi at least a whole layer of 
turns of wire, the iiction of all of the turns has to be 
considered. If the nearest of the turns of wire is at a dis- 
tance equal to three diameters, all the other turns of 
wire will be at greater distances, and, therefore, if we 
may neglect such small quantities as two per cent, of 
the whole amount, we may neglect their action also ; for 
it will be etiil smaller in amount. Now, for the pur- 
pose of arriving at the action of a whole tube of coil, I 
will adopt a method of plotting devised by Mr. Sayera. 
Suppose we had a whole tube coiled with copper wire 
from end to end, its action would be practically the 
same as though the copper wire wore gathered together 
in small numbers at distant intervals. If, for example, 
I count the number of turns in a centimetre length of 
the actual tubular coil, which I used in my first experi- 
ment, I find there are four. Now if, instead of having 
four wives distributed over the centimetre, I had one 
stout wire in the middle of that space to carry four 
times the cuiTent, the general eifcct would be the same. 
1 diagram (Fig. 60) is calcuhited out on the sup- 
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Mition that the effect will he not greatly different if 

ihe wires were aggregated in that way, and it Js easier 

( calculate. If, beginning at the end of the tnhu 

Kpnarked A, we take the wires over the first centimetre of 

Klength and aggregate them, we can draw a curve, 

' marked 1, for the effect of that lot of wires. For the 

nest lot we could draw a similar curve, but instead of 

drawing it on the horizontal line we will add the several 

" ;htH of the second curve on to those of the first, a'ld 

L'that gives the curve mai'kcd S; for the third part add 

the ordiuatea of another similar cnrve, and so gradually 
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^nild ap a final curve for the total action of this tnbu- 

r coil on a unit pole at different points along the axia. 

This testiltant curve begins about 2i diameters away 

'le end, rises gently, and then suddenly, and then 

iuruB over and becomes nearly flat with a long level 

took. It does not rise any more after a point about 3^ 

piameters along from A; the curve at that point be- 

»me8 practically flat, or does not vary more than about 

e per cent., however long the tube may be. For ex- 

mple, in a tubular coil owe inch in diameter and 20 

behes long, there will be a uniform magnetic field for 

[•bout 15 inches along the middle of the coil. 
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tubular coil three centimetreB in diiimeter and 40 
centimetres long, there will be a uniform magnetic field 
for about 32 centimetres along the middle of the coil. 
The meaning of this is that the value of the magnetic 
forces down the axis of that coil begins outside the 
mouth of the tuhe, increases, rises to a, certain maxi- 
mum amount a little within the mouth of the tube, and 
after that is perfectly coiiatMnt nearly all the way along 
the tube, and then falls off ay m metrically aa yon get to 
the other end. The ordinates drawn to the curve rep- 
resent the forces at corresponding points along the axis 
of the tube, and may be taken to represent not simply 
the magnetizing force, hut the poll on a magnetic pole 
at the end of an indefinitely long, thin steel magnet of 
fixed strength. 

The rnle for calcnlating th.e intensity of the magnetic 

force at any point on the axis of the long tubular coil with- 

this region where the force is uniform is: H =-p:'^ ^ the 



^^^ithi 
I not oi 



ipQre tarns per centimetre of length. And, as the 
magnetizing jwwerof a tubular coil is proportional 
not only to the intensity of the mag^ietic force at any point, 
but also to the length, the integral magnetizing eiTect on a 
piece of iron that is inserted into the coil may be taken as 
practically equal to — - x the total number of ampfire turns 

in that portion of the tubular coil which surrounds the 
iron. If the iron protrudes as much as three diamet<^rs at 
h ends, the total magTieti;(ing force is simply — t x the 
e nnmber of ampere turns. 



■ ll'ow that case is of course not the one fl 
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[■dealing with, We cannot procure steel magnets with 
[ unalterable poles of fixed strength. Even the hanlest 
t flteel magnet, magnetized so as to give us a perniiment 
I pule near or at the end of it — quite close up to the end 
[ of it — -when you put it into a mitgnetizing coil — becomes 
I ty that fact further mngnetized. Its pole becomns 
I streugthened as it is drawn in, go that the case of an 
I unalterable pole is not one which can actually be real- 
I ized. One does not usually work with steel; one works 
with soft iron plungers which are not magnetized at all 
when at a distance away, but become magnetized in the 
I act of being placed at the mouth of the coil, and which 
I become more highly magnetized the further they go in. 
[ They tend, indeed, to settle down, with the ends pro- 
I truding equally, for that is the position where they most 
[ nearly complete the magnetic circuit; where, tlierefore, 
I they are moat completely and highly magnetized. Ac- 
j cordingly we have this fact to deal with, .and whatever 
I may be t.ho magnetizing forces all along the tube, the 
I magnetism of the entering core will increase as it goes 
We must therefore have recourse to the following 
t procedure: We will construct a curve in which we will 
1 plot not simply the magnetizing forces of the spiral at 
I different points, but the product of the magnetizing 
' forces into the magnetism of the core which itself in- 
ises as the core moves in. The curve with a flat top 
i to it corresponds to an ideal case of a single pole of 
constant strwigtb. We wish to pass from this to a curve 
which shall represent a real case, with an iron core. 
I Let ns still suppose that we are using a very long core, 
one so long that when the front polo has entered the 
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coil the other end is still a long way off. "With an iron 
core of course it depends on the size and quality of the 
iron as to how much niHguetiBin you got for a given 
amount of magnetizing power. When the core has en- 
tered up to a certain point yo-u have all the magnetizing 
forces np to that point acting on it; it acquires a cer- 
tain amount of magnetism, so that the pull will neces- 
sarily go on increasing and increasing, although the in- 
I tensity of the magnetic force from point to point along 
the 
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.me, until within I 

d. Although the 

ia increasingj the 



the axis of the coil remains thi 
about two diameters from the far end. 
magnetic force inside the long spiral 
hecauae the magnetism of the core 
pull goes on increasing and increasing (if the iron does 
not get saturated) at an almost uniform rate all the 
way up until the piece of iron has heen poked pretty 
nearly through to the distant end. In Fig. 61 a tubu- 
lar coil, fi A, is represented. Suppose a long iron core 
is placed on the axis to the riglit, and that its end is 
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gmduully brought np toward B. When it arrives at X 
the piili bocomes sensible, and increaBes at first rapidly, 
as the core enters the mouth of the tube, then gently, 
as the core travels along, attaining a maximum, C, 
abont at the further end, A, of the tube. When It ap- 
proaches to the other end, A, it comes to the region 
where the magnetizing force falls off, but the magnetism 
is still going on increasing, beoause something is still 
being added to the total magnetizing power, and these 
two effects nearly balance one anotlier, so that the pull 
arrives at the maximum. This is the highest point, C, 
on the curve; thegreatest pull occurring just as the end 
of the iron core arrives at the bottom or far end of the 
tubular coil : from which point there is a very rapid 
falling off. The question of rapidity of descent from 
that point depends only on Low long the core is. If 
the core is a very long one, so that its other i)ole is still 
very fur away, you have a long, slow descent going on 
over Bomo three diameters, and gradually vanishing. 
If, however, the other pole is coming up within measur- 
able distance of B, then the curve will como down more 
rapidly to a definite point, -Yi. To take a simple case 
where the iron core is twice as long as the coi!, its curve 
will descend in pretty nearly a straight line down to a 
point such that the ends of the iron rod stand out 
equally from the ends of the tube. 

Precisely similar'effects will occur in all other cases 
■where the plunger is considerably longer than (at least 
twice as long as) the coil surrounding it. If you take a 
different ease, however, you will get another effect. 
Take the case of a plunger of the same length as the 



LECTURES ON THE ELECTROMAGNET. 23?- 

coil, then this is what neeessnrily happens. At first the 
effects are much the name; but as aoou us the core has 
entered abont half, or a little more than half, its length 
yon hegin to have the action of the other pole that is 
left protruding outside tending to pnll the iilunger 
back ; and although the magnetizing force goes on in- 
creasing the further the plunger enters, the repulsion 
exerted by the coil on the other pole of the plunger 
keeps increasing still faster as this end nears the mouth 
of the coil. In that case the maximum will occur at & 
point a little further than half wiij along the coil, and 
from that point the curve will descend and go to zero 
at A; that is to say, there will he no pull when both 
ends of the plunger coincide with the two ends of the 
coil. If you take a plunger that is a little shorter than 
the coil, then yon find that the attraction conies down 
to zero at an earlier period still. The maximum pull 
occurs earlier, and so does tha reduction of the pull to 
zero; there being no action at all upon the short core 
when it lies wholly within that region of the tube within 
which the intensity of the magnetic force is uniform. 
That is to say, for any portion of this tube correspond- 
ing to the flat top of the curve of Pig. fiO, if the plunger 
of iron is so short as to lie wholly within that region, 
then there is no action upon it; it is not pulled either 
way. Now these things can he not only predicted by 
the help of such a law as that, but verified by experi- 
ment. Here is a set of tubular coils which we use at 
the Finsbury Technical College for the purpose of veri- 
fying these laws. There is one here abont nine inches 
long, one about halt that length, another just a f|uartcr. 
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They lire all niiide alike in this way, that they have ex- 
actly the sftme weight of copper wire, cut from the Bdme 
hank, upon them. There are, of course, more turns on 
the long one than on the shorter, because with the 
shorter ones each turn requires, on the average, a larger 
amount of wire, and therefore the same weight of wire 
will not make the aame number of windings. We use 
that very simple appanitua, a Salter's balance, to meas- 
ure the pull exerted down to different distances on 
cores of various lengths. You find in every case the 
pull increases and becouies a maximum, then dimin- 
iahes. We will now make the experiment, taking first 
a long plunger, roughly aljout twice as long as the coil. 
The pull increases its the plunger goes down, and the 
maximum pull occurs just when the lower end gets to 
the bottom ; beyond that the pull is less. Using the 
flame plunger with these shorter coils, one finds the 
flame thing, in fact more marked, for we have now a 
core which is more than twice the length of the eoiL 
i^o we find, taking in all these cases, that the maximum 
pull occurs not when the plunger is half way in, as the 
books say, but when the bottom end of it is just begin- 
ning to come out through the bottom of the coil that 
we are using. If, however, we take a shorter plunger, 
the result is different. Here is one just the sam^ length 
as the coil. With this one the maximum pull does occur 
when the core is about half way in; the maximum pull 
is just about at the middle. Again, with a very short 
core — here is one about one-sixth of the length of the 
coil — the maximum pull ocenrs as it is going into the 
mouth of the coil; and when both ends have gone in so 
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far that it gets into the region of equable magnetic field 
there is no more pull on one end than on the other; one 
end is trying to move with a eertain force down the 
tube, and the other end is trying to move with exactly 
equal force up the tube, and the two balance one an- 
other. If we carry that to a atill more extreme case, 
and employ a little round ball of iron to explore down 
the tube, you will find this curious result, that the only 
place where any pnll occurs on the ball ia juat as it 
ia going in at tlie mouth. For about half an inch in 
the ueck of the coil there is a pull; but there is no pull 
down the interior of the tube ^t all, and there is no 
moasurable pull outside. 

Now these actions of the coU on the core are capable 
of being viewed from another staudpoiut. Every en- 
gineer knows that the wort done by a force has to be 
measured by multiplying together the force and the 
distance through which its poiut of application moves 
forward. Here we have a varying force acting over a 
certain range. We ought, therefore, to take the amount 
of the force at ea^h point, and mnltiply that by the ad- 
jacent little bit of range, averaging the force over that 
range, and then take the next value of force with the 
next little bit of range, and so consider in small portions 
the work done along the whole length of travel. If we 
call the length of travel x the element of length must 
be called dx, Mnltiply that by/, the ftirce. The force 
ttlKltiplied by the element of length gives us the work, 
W, done in that short range. Now the whole work 
r the whole travel ia made up of the enm of such 
menta all added together; that is to say, we have to 
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[ take all the varioQa Tiilues of y, mnltiply each by its own 
' short range dx, and the sum of all those, writing / for 

the sum, would be equal to the snm of all the work; 

that is to Bay, the whole work done in putting the thing 
r will be written: 



=// 



dx. 



Now what I want you to think about is this: Here, 
Bay, is a coil, and there is a distant core. Though there 
is a current in the coil, it is bo far awwy from the cure 
I that practically there ia no action : bring them nearer 
I and nearer together; presently they begin to act on one 
I another; there is a pull, which increases as the core en- 
ters, then comes to a maximum, then dies away as the 
i of the core bt-gins to protrude at the other side. 
There ia no further pull at all when the two ends stand 
out equally. Now there has been a certain total 
lunt of work done by tiiis apparatus. Every engineer 
f knows thivt if we can ascertain the force at every point 
r nlon^tbe line of travel the work done in that travel is 
readily expressed by the area of the force curve. Think 
I of the curve X CA'i, in Fig. 61, the ordinates of which 
represent the forces. The whole area underneath this 
[ curve represents the work dtme by the system, and 
) therefore represents equally the work you would have 
to do upon it in pulling the system apart. The area 
under the curve rejireseata the total work done in at- 
tracting in the iron plunger, with a pull distributed over 
the range XXi. 

Now I want you to compare tliat with the case of an 
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electromagnet where, instead of having this distributed 
pull, yon have a much stronger pull over a much shorter 
range. I have eudeavored. to contrast the two iu the 
other curves drawn iu Fig. 61. Supjioae we have our 
coil, and suppose the cort-, iiistend of being made of one 
rod such as this, were made in two parts, so that they 
could be put together with Hi screw in the middle, or 
fastened together iu auy other mechimical way. Now 
first treat this rod as a single plunger, screw the two 
parts together, and begin with the operation of allow- 
ing it to enter into the coil ; the work done will be the 
area under the curve which we have already cousidered, 
Let us divide the iron core into two. First of all put 
in one end of it ; it will be attracted up iu a precisely 
similar fiishion, only, being a shijrtei' bur, the maximum 
would be a little displaced. Let it be drawn in up to 
half way only; we have now a tube half filled with iron, 
and in doing so we shall have had a certain amount of 
work done by the apparatus. As the piece of iron is 
shorter, the force curve, whicli ascends from Xtoi'i, 
will lie a little lower than the curve J'C-l'i ; but the 
area under that lower curve, which sto])s half way, will 
be the work done by the attraction of this half core. 
Kow go to the other end aud put in the other half of 
the ii'on You now have not only the attraction of the 
tnbe, but that of the piece which is already in place, 
acting like an electromagnet. Beginning with a gentle 
attraction, it soon rnns up, and draws the force curve to 
a tremendously steep peak, becoming a very great force 
when the distHnce asunder is very small. We have 
srefore in this caeo a totally different curve made up 
i6 
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of two piirtB, a part for the putting in of tlit) first fmif 
of the core, and a steeper part for tlie second; but the 
net result is, we have the Biime quantity of iron mag- 
netized in exactly the same manner by the same quan- 
tity of electric current ruuuing round the same amount 
of copper wire — that is to say, the total amount of work 
done in these two cases is necessarily equal. Whether 
you allow the entire plunger to come in by a gentle pull 
over a long range, or whether you put the core in in two 
pieces — one part with a gentle pull and the other with 
a sudden spring up at the end — the total work must be 
the same; that is to say, the total area under our two 
new curves niust be the same hs the area under the old 
curvL'. The advantage, then, of this coil-and -plunger 
method of employing iron and copper is, not that it gets 
any more work out of tbe siime expenditure of energy, 
but that it diBtributes the pull over a uonaidenihle range. 
It does not, however, equalize it altogether over the 
range of travel. 

A number of experimental researches have been made 
from time to time to elucidate the working of the coil- 
and-plunger. Ilankel, in 1850, examined the relation 
between tho pull in a given portion of the plunger and 
the exciting power. He found that, ao long aa tbe iron 
core was so thiek and the exciting power so small that 
magnetization of the iron never approached saturation, 
the pull was proportional to the squaro of the current, 
and was also proportional to the square of the number 
of turns of wire. Putting these two facts together, we 
get the rule — which is true only for an unsaturated core 
in a given position — that the pull ia proportional to the 
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Bqnare of the ampere turns. Tina might have been ex- 
pected, for the magnelism of the iron core will, under 
the aBSumptions made above, be proportional to the 
umpire turns, and the intensity of the mngnetic field in 
which it is placed being also pioportional to the ampere 
turns, the pull, which ia the product of the magnetism 
and of the intensity of the Held, ought to be propor- 
tional to the sqnare of the ampf^re turna. 

Dub, who examined cores of different thicknesses, 
found the attraction to vary as the square root of the 
diameter of the core. His own experiments show that 
this is inexact, and that the force is quite as nearly pro- 
portional to the diameter as to its square root. There 
is again reason for this. The magnetic circuit conaiats 
largely of air paths by which the magnetic lines flow 
from one end to the other. As the main part of the 
magnetic reluctance of the circuit ia that of the air, 
anything which reduces the air reluctance increases the 
magnetization, and, consequently, the pull. Now, in 
this case, the reluctance of the air paths is mainly gov- 
erned by the surface exposed by the end portions of the 
iron core. Increasing these diminishes the reluctance, 
and increases the m.ignetization by a corresponding 
amount. Von Waltenhofen, in 1870, compared the at- 
traction exerted by two equal (short) tubular coils on two 
iron cores, one of which was a, solid cylindrical rod, and 
the other a tube of equal length and weight, and found 
the two to be more powerfully attracted. Doubtless, the 
effect of the increased aervica in diminishing the reluc- 
tance of tJie magnetic circuit explains the cause of the 
obserration. 



244 



LBCTURB8 ON THE ELECTROHAOKET. 



Von Feilitzsch compared the action of a tubular coil 
upon a plunger of soft iron with that exerted by the 
same coil upon a core of hard magnetized eteol of equal 
dimensions. The plungers (Fig. 62) were each 10.1 cen- 
timetres long, the coil being 
29.5 centimetres in length 
and 4,'i in diameter. The 
steel magnet showed a maxi- 
mum attraction when it had 
plunged to a depth of five 
centimetres, while the iron 
core had its maximum at a 
depth of seven centimetres, 
doubtless because its own 
magnetization went on in- 
creasing more than did that 
of the steel core. As the uni- 
form field region began at a 
depth of about cightcentime- 
tres, iind the cores were 10.1 
I B centimetres in length, one 

would expect the attracting 
JJ — ILi force to come to zero when 

the cores had plunged in to a 
' depth of about 18 centime- 
tres. As a matter of fact, the 
zero point was reached a little earlier. It will be noticed 
that the pull at the maximum was a little greater in 
the case of the iron plunger. 

The most careful researches of late years are those 
made by Dr. Theodore Bruger, in 1886. One of hie re- 
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Bearchee, in which a oylindripal iron plunger was used, 
ia repreBented by two of the ciirvea in Fig. 63. He used 
two coiJs, one 3^ centimetres long, the other seven cen- 
timetree long. These are indicated in the bottom left- 
hand corner. The exciting current was a little over 
'jgUt amptVes. The cylindricul plunger was 3ft centi- 




metres long. The plunger ia snppoaed, in the diagram, 
to enter on the left, and the number of grammes of pull 
is plotted out opposite the position of the entering end 
of the plunger. As the two curves show hy their steep 
peaks, the maximum pull occurs just when the end of 
the plunger hegins to emerge bhrough the coil, and the 
pull comes down to zero when the ends of the core pro- 
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trude eqaally. In this figure the clotted cnrvea relate to 
the use of the longer of the two coils. The height of 
the peak, with the coil of donbk" length, ia nearly four 
times as gretit, there being donlilo ampere turns of ex- 
eitation. In some other experiments, which are plotted 
in Fig, 64, the same core waa used with a tubulnr coil I'd 
centimetres long. Using currents of various fltrengths, 
1.5 ampC're, 3, 4.8, 6, or 8 amperes, the pull is of course 
different, but broadly, you g*t the same effect, that the 
masimum pull occurs just where the pole begins to 
come out at the far end of the tubular coil. There are 
slight diiferencea; with the emiillest amount of current 
the maximum is exactly over the end of the tube, but 
with currents rather larger the maximum point comes 
a little farther back. When the core gets well saturated, 
the force eur¥e does not go on rising so far; it begins 
to turn over at an earlier stage, and the maximum place 
ia neeesBflrily displaced a little way back from the end 
of the tube. That was also observed by Von "Walten- 
hofen when using the steel naagnet. 

^ EFFECT OP C8IN& CONED PLITNGERS. 

But now, if, instead of employing a cylindrical core, 
you employ one that is pointed, you find this completely 
alters the position of the maximum pull, for now the 
point is inanfficient to carry the whole of the magnetic 
lines which are formed in the iron rod. They do not 
come out at the point, but filter through, so to speak, 
along the sides of the core. The region where the mag- 
netic lines come up through the iron into the air is no 
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longer a definite "pole" at or near the end of the rod, 
but is diKtributed over a. uoiisiderttble surface; conse- 
quently when the poiut begius to poke ita nose out, you 
still huve a larger portion of iron up the tube, and the 
pul), insteud of coming to a maximum at that positioQ, 
is distributed over a widur range. I am now making 
the experiment roughly with my spring bftlanee and a 
conical plunger, and I think joa will be able to notice 
a marked difference between this case aiid that of the 
cylindrical plunger. The pull increases as the plunger 
enters, but the maximum ia Tiot so well defined with a 
pointed core aa it is with one that is flat ended. This 
essential difference between coned plungers and cylin- 
drical ones was discovered by an engineer of the name 
of Krizik, who applied hie discovery in the mechanisra 
of the Pilsen are lamps. Coued plungers were also ex- 
amined by Brugor. In Fig. 63 are given the curves that 
correspond to the use of a coned ii'on core, as well us 
those corresponding to the use of the cylindrical iron 
rod. You will notice that, as compared with the cylin- 
drical plunger, the coned core never gave so big a pull, 
and the maximum occurred not aa the tip emerged, but 
■when it got a very considerable way out on the other 
side. So it is with both the shorter and the longer coil. 
The dotted curves in Fig. 64 represent the behavior of 
a coned plunger. With the longer coil represented, and 
with various currents, the maximum pull occurred when 
the tip had come a considerable way out; and the posi- 
tion of the maximum pull, instead of being brought 
nearer to the entering cud with a high magnetizing 
current, wad actually caused to occur further down. The 
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range of action became extended with Inrge currents as 
compared with small ones. Bruger also investigated 
the case of cores of very irregular shapes, resembling, 
for example, the shank of a screw-drwer, and found a 
very curious and irregular force curve. There is a good 
deal more yet to be don«, I fancy, in examining this 
question of distributing the pull on an attracted core by 
Hitering the shupe of it, but Bruger has shown us the 
way, and wo ought uot to find very much difficulty in 
following him. 



OTHER MODES OF BXTENDIXfi KANOE OF ACTION. 

Another way of altering the distribution of the pull is 
to alter the distribution of the wire on the coil. In- 
stead of having a coned core use a coned coil, the wind- 
ing being heaped up thicker at one end than at the 
otiier. Such a coil, wound in steps of increasing thick- 
ness, baa been used for some years by Gaiffe in his are 
lamp; it has also been patented in Germany by Leu- 
pold. M. Tr^ve has made the suggestion to employ an 
iron wire coil, so to utilize the magnetism of the iron 
that is carrying the current. TrtVe declares that such 
coils possess for an equ;it current four times the pulling 
power. I doubt whether that is so; but even if It were, 
we must remember that to drive any given current 
through au iron wire, instead of a copper wire of the 
same bulk, implies that we must force the current 
through six times the resistance; and, therefore, we 
shall have to employ six times the horse power to drive 
the same current through the iron wire coil, bo that 
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there is really no gain. Again, a suggestion has been 
made to inclose in an iron jiicket the coil employed in 
this way. Iron-clad solenoids have been employed from 
time to time. But they do nwt increase the range of 
action. What they do is to tend to prevent the falling 
off of the internal pull at the region within the mouth 
of the coil. It equalizes the internal pull at the espense 
of all external action. An iron-clad solenoid hns prac- 
tically no attraction at all on anything outside of it, not 
even on an iron core placed at a distance of lialf a diam- 
eter of the aperture; it is only when the core is inside 
the tube that the attraction begins, and the magnetiz- 
ing power is practically uniform from end to end. Last 
year I wished to make use of this property for some 
experiments on the action of magnetism on light, and 
for that purpose I hud built, hy Messrs. Paterson and 
Cooper, this powerful coil, which is provided with a 
tubular iron jacket outside, and a thick iron disc per- 
forated by a central hole covering each end. The mag- 
netic circuit around the exterior of the coil is practically 
completed with soft iron. With this coil, one may take 
it, there is an absolutely uniform magnetic field from 
one end of the tube to the other; not falling ot( at the 
ends as it would do if the mngnetic circuit had simply 
an air return. The whole of the ampc're turns of ex- 
citing power are employed in magnetizing the central 
space, in which therefore the actions are very powerful 
and uniform. The coil and its uses were described in 
my lecture last year at the Royal Institution on " Opti- 
cal Torque." 



UirrlrUES ON THE EI-ECTBOMAONET. 



MODIFICATIONS 07 THE COIL-AND-PI,UXGKH. 

In one variety of the coil-and -plunger mechanisi 
Becoiul coil is wound on tho plunger. Iljortli need this 
modifictition, and the s»me thing hiis been employed in 
sBventl aru lumpH, There is a. series of drawings ttpou 
thiH wall depicting the raechaniam of about a dozen 
different forms of arc lamp, all made by Messrs. Pater- 
son and Cooper. In one of these there is a plunger 
with a coil on it drawn into a tubular coil, the current 
flowing Biiccessively through both coils. In anotlier 
there are two separate coils in separate eireuite, one of 
thiu wire aud one of thick, one being connected in 
series with the arc, aud one in ehnnt. 

, DIFFERBNTIAL COIL-AND-PIDNUER. 

I There is a third drawing here, showing the arrange- 
1 ment which was originally introduced by Siemens, 
wherein a plunger is drawn at one end into the coi! thai 
is in the main circuit, and at tho other end into a coil 
that is in shunt. That diiTerential arrangement has 
certain peculiar properties of which I must not now 
stop to speak in detail. It is obvious that where ono 
core plunges its opposite ends into two coils, tlie mag- 
netizatioii will depend on both coils, and the resultant 
pull will not be simply the difference between the pnll 
of the two coils acting each separately. There is, liow- 
evor, another differential arrangement, used in the 
Brockie-Pell and other arc lamps, in which tliere are 
two separate plungers attaclied to the two ends of a 
e-KffH' lever. In this oase the two magnetizing actioi 
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are sepanite. la ti third differential arrangement there 
is but one plunger and one tiibuhir bobbin, upon whicli 
are wound the two coils, differentially, eo that the 
action on the jiUiiiger is simply dne to the difference 
between the ainpf-re turns circulating in the two sepa- 
,te wires. 



COIL-AND-PLUN(*ER CDtL, 

When one abandons iron altogether, and merely uses 
two tubular coils, one of wide diameter and another of 
narrower diameter, capable of entering into the former, 
and passes electric currents through both of them, if 
the currents are circuliUiiig in the same fashion through 
both of them they will bo drawn into one another. 
This arrangement has also been used in arc lamps. 
The parallel currents attract one another inversely, not 
as the square of the distance, but approximately as the 
distance. This is one of those little details about which 
it is as well to be clear. About once a year some kind 
friend from a distance writes to me pointing out a little 
slip that he says occurs in ruy book on electricity, in 
the passage where I am spealtiiig about the attraction 
of parallel wires, I have made the terrible blunder of 
leaving out the word square ; for I say the attraction 
varies inversely as tho distiLUce, and my readers are 
kind enough to correct me. Kow when I wrote that 
pasBiige I considered carefully what I had to write, and 
the attraction does not vaj'y inversely as the square of 
the distinice, because two parallel wires do not act on 
one another as two points. They act as two straight 
lines or two parallel lines, and the attraction between 
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two parallel lines of current, or two parallel lineB of 
niiignetiiim, or two purallcl Ibiee of auythiiig else that 
can littract. will not net inversely as the square, but 
simply inversely as the distance iu between. 

INTERMEDIATE FOKMS. 

Now this property of the eoil-and-plurig'er of extend- 
ing the range of action has been adopted in various 
nhjert was to try and make 
(.■kitromagnots with a sort 
111' iiitermediate range. For 
rci'Niiti purposes it is desir- 
iililf to construct an electro- 
iii;ii.'in?t which, while having 
till- powerful pull of the 
t'li'rtroniagnet, should have 
over its limited range of 
action u more equable pull, 
resembling in this respect 
tlie equalizing of range of 
the coil-and-plnnger. Some 
r I of these intermediate forma 

' — -■' oi apparatus are shown in 

*""■'"■-''" - ' 1. 1 ■!■ ■ ■'■■i>.M^T the following diagrams. 
Of ,-,iL«^..»^.M. ..m... }ier^ (Fig. 65) jg a peculiar 

form of electromagnet; it combines some of the fea- 
tures of the iron-olad electromagnet with those of the 
movable plunger; it has a limited range of action, but 
r that range, owing to its excellent 
It was invented in 18T0 by Stevens 
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sewing inacliiiies. A very similar form is used in Wea- 
ton'a aro lamp. A form of plunger electromagnet in- 
vented by Ilolroyd Smith in IHT? resembles Fig. fjo in- 
verted, the coil being surrounded by iin iron jacket, 
while -A plunger furnished at the top with an iron disc 
descends down the central tube to meet the iron at the 
bottom. 

Then there ia another Tariety, of which I was able to 
show an example last week by tliu kiudupBs of the 
Brush Compimv, n imely, 
the plunger electromigntt ^S 
employed in the Brush iil I 
lamps A couple of tnbiil i ' 
coils receive eich uu ii 

Iplnnger, connected togi t\u i 
by a yoke, whde aboit, the 
magnetic circuu ib partially 
completed by the sheet of 
iron which forms part of the 
inclosing box. You have 
here, alao, the advantngt 
: 
■■ 
; 
i 




a fairly complete magnetic circuit, together with a com- 
paratively long travel of the plunger and coil. It is a 
fair compromise between the two ways of working. 
[ The pall is not, however, in any of these forma, equal 
all along the whole rango of travel; it increases as the 
I magnetic circuit becomes more complete. 

There are several other intermediate forms. For ex- 
I ample, one inventor, Oaiser, employs a horseshoe elec- 
r tromagnet, the cores of which protrude a good diatiince 
I beyond the coiIh, and ftir an armature he employs 
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piece of sheet iron, bent round bo as to nrnke at its ends 
two tuhee, which inclose tJie poles, and are drawn down 
over them. Contrast with this design one of much 
eitrlier date by an engineer, Holoff, who made hia elec- 
tromagnets with iron cores not standing out, but sunk 
below the level of tlie ends of the coils, while the arma- 
ture WiiB furnished with little extensions that passed 
down into these projecting tubular ends of tlie coils. 
J , Somp arc lamps have magnets of 

j'ciTisclj that form, with a short 
liluijyer entering a tubular coil, 
iLiid met half-way down by a short 
fi\L'it uore inside the tube. 

Here {Fig. (iT) is one form of 
tubuliir iron-clad 'electromagnet 
that deserves a little more atten- 
tion, being the one used by Messrs. 
Ayrtou and Perry in 1883; a coil 
has iin iron jacket round it, and 
also an annular iron disc across the 
top, and an annular iron disc across 
the bottom, there being also a short 
internal tube of iron extending a little way down from 
the top, almost meeting another short internal tube of 
iron coming up from the bottom. The magnetic effect 
of the inclosed copper coil is concentrated within an 
extremely short space, between the ends of the internal 
tubes, where there is a wonderfully strong uniform field. 
The range of action you cru alter just as you please 
in the construction by shortening or lengthening the 
internal tubes. An iron rod inserted below is drawn 
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with great power and equality of pull over the range 
from one end to the other of theae internal tubes, 

ACTION OF MAGNETIC FIELD ON SMALL IRON SPnEHE. 

In dealing with the iiction of tubular coils npon iron 
cores, I showed how, when a very short core is phiced 
in a uniform magnetic field, it is not drawn in either 
direction. The most extreme case is where a small 
sphere of soft iron is employed. Such a sphere, if 
placed in even the most powerful magnetic field, does 
not tend to move in any direction if the field is truly 
uniform. If the field is not nniforni, then the iron 
sphere always tends to move from the place where the 
field is weak to a place where the field is stronger. A 
ball of bismuth or one of copper tends, on the contrary, 
to move from a place where the field is strong to a 
place where the field ia weaker. This is the explanation 
of the actions called " dia-magnefcic," which were at one 
time erroneously attributed to a supposed dia-magnetic 
polarity opposite in kind to the ordinary magnetic 
polarity. A simple way of stating the facts is to say 
that a small sphere of iron tends to move up the slope 
of a magnetic field, with a force proportional to that 
slope; while (in air) a sphore of bismuth or one of 
copper tends, with a feeble force, to move down that 
slope; any small piece of soft iron — a short cylinder, 
for example — shows the same kind of behavior as a 
small sphere. In some of Ayrton and Perry's coiled- 
ribbon ampSre-meters and voltmeters, and in some of 
Sir William Thomson's current meters, this principle 
~"p.^plied. 
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SECTIONED COILS, WITH PLUNGER. 

An important suggestion was made by Page, about 
1850, when he designed a form of coil-and-plunger hav- 
ing a travel of indefinitely long range. The coiled tube 
instead of consisting merely of one coil, excited simul- 
taneously throughout its whole length by the current, 
was constructed in a number of separate sections or 
short tubes, associated together end to end, and fur- 
nished with means for turning on the electric current 
into any of the sections separately. Suppose an iron 
core to be just entering into any section, the current is 
turned on in that section, and as the end of the core passes 
through it the current is then turned on in the section 
next ahead. In this way an attraction may be kept up 
along a tube of indefinite length. Page constructed an 
electric motor on this j)lan, which was later revived by 
Du Moncel, and again by Marcel Deprez in his electric 
" hammer/* 

WINDING OF TUBULAR COILS AND ELECTROMAGNETS. 

The mention of this mode of winding in sections 
leads me to say a few final words about winding in 
general. All ordinary coils, whether tubular or pro- 
vided with fixed cores, are wound in layers of alternate 
^right-handed and left-handed spirals. In a preceding 
lecture I mentioned the mistaken notion, now dis- 
proved, that there is any gain in making all the spirals 
right-handed or all left-handed. For one particular 
case there is an advantage in winding a coil in sections; 
that is to say, in placing oartitions or cloisons at inter- 
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vals along the bobbin, and winding the wire so as to 
fill up each of the auecessive spaces between the parti- 
tions before passing on from one space to the next. 
The case iu which this construction is advantageous is 
the nnusual case of coils that are to be naed with cur- 
rents supplied at very high potentials. For when cur- 
rents are supplied at very high potentials there is a 
very great tension exerted on the iniiulating material, 
tending to pierce it with a spark. By winding a coil in 
cloisons, however, there is never so great a difference of 
potential between the windings on two adjacent layers 
as there would be if the layers were wotind from end to 
end of the whole length of coil. Consequently, there is 
never so great a tension on the insulating material be- 
tween the layers, and a coil so wound is less likely to be 
injured by the occurrence of ti spark. 

Another variety of winding has been suggested, 
namely, to employ In the coils a wire of graduated thick- 
aess. It has been shown by Sir William Thomson to 
be advantageous in the construction of coils of galva- 
nometers to use for the inner coils of email diameter a 
thin wire; then, as the diameter of the windings in- 
creases, a thicker wire; the thickest wire being used on 
the outermost layers; the gauge being thus propor- 
tioned to the diameter of the windings. But it by no 
means follows that the plan of using graded wire, which 
is satisfactory for galvanometer coils, is necessarily good 
for electromagnets. In designing electromagnets it is 
necessary to consider the means of getting rid of heat ; 
and it is obvious that the outer layers are those which 
in the most favorable position for getting rid of 
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this heat. Experience shows that the under layers of 
coils of electromagnets always attain a higher tempera- 
ture than those at the surface. If, therefore, the inner 
layers were to he wound with finer wire, offering higher 
resistance, and generating more heat than the outer 
layers, this tendency to overheating would he still 
more accentuated. Indeed, it would seem wise rather 
to reverse the galvanometer plan, and wind electromag- 
nets with wires that are stouter on the inner layers and 
finer on the outer layers. 

Yet another mode of winding is to employ several 
wires united in parallel, a separate wire heing used for 
each layer, their anterior extremities being all soldered 
together at one end of the coil, and their posterior ex- 
tremities being all soldered together at the other. 
Magnetically, this mode of winding presents not the 
slightest advantage over winding with a single stout 
wire of equivalent section. But it has lately been dis- 
covered that this mode of winding with mtiUiple wire 
possesses one incidental advantage, namely that its use 
diminishes the tendency to sparking which occurs at 
break of circuit. 

EXTENSION OF RANGE BY OBLIQUE APPROACH. 

I now pass to the means which have been suggested 
for extending the range of motion, or of modifying its 
amount at different parts of the range, so as to equalize 
the very unequable pull. There are several such de- 
vices, some electrical, others purely mechanical, others 
electro-mechanical. First, there is an electrical method. 
Andre proposed that, as soon as the armature has begun 
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to move nearer, and comes to the place where it is at- 
tracted more strongly, it is automatically to make a 
contact, which will ehiiiit off part of the current and 
make the magnetism leas powerful, Burnett proposed 
another means; a number of separate electromagnets 
acting on one armature, but as the latter approiiehed 
these electromagnets were one after the other cut out of 
the circuit, I need not say the advantages of that 
method are very hypothetiail. Then there is another 
method which has been used many times with very 
great success, the method of allowing the motion of the 
armature to occur obliquely, it being mechanically con- 
strained BO as to move past, instead of toward the 
pole. When the armature is pulled thus obliquely, the 
pull will be distributed over a definite wider range. 
Here is a little motor made on that very plan. A num- 
ber of pieces of iron set on the periphery of a wheel are 
snccessively attracted up sideways. An automatic de- 
vice breaks the circuit as ev«ry piece of iron comes 
near, just at the moment when it gets over the poles, 
and the current being cut off, it flies on beyond and 
another piece comes up, is also attracted in the same 
way, and then allowed to pass. A large number of toy 
motors have been made from time to time on this plan. 
I believe Wheatstone was the first to devise the method 
of oblique approach about the year 1841, He made 
many little electromagnetic motors, the armatures of 
which were in some cases solid rims of iron arranged 
as a sort of wheel, with two or more zigzag internal 
teeth, offering oblique surfaces to the attraction of an 
electromagnet. Such little motors are often now used 
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for spiiining Geissler's vscuum tubes. In these motors 
the iron rim is fixed and the electromagnet rotates. 
The pole of the electromagnet finds itself a certain dis- 
tance away from the iron ring; it tries to get nearer. 
The only way it can get nearer is hy swinging round, 
and Bo it gradually iipprouches, itnd as it approaches 
the place where it is nearest to the internal projection 
of tho rim the current ia cut off, and it swings further. 
This mode may be likened to a cam in a mechanical 
movement. It is, in fact, nothing else than an elBclro- 
magnetic cam. There are other devices too, which are 
more like electromagnetic linkage. If you curve the 
poles or shajte them out, you may obtain actions which 
are like that of a wedge on an inclined plane. There 
is an electromagnet in one of Paterson and Cooper's arc 
lumps wherein the pole-piece, coming out below the 
magnet, has a very peculiar shape, and the Armature is 
so pivoted with respect to the magnet, that as the arma- 
ture approaches the coro us a whole its surface recedes 
from that of the pole-piece, the effect being that the 
pull is equalized over a considerable ninge of motion. 
There is a somewhat similar device in De Puydt'a pat- 
tern of arc lamp. 

Here is another device for oblique approach, made by 
Froment. In the gap in the circuit of the magnet a , 
sort of iron wedge' is put in, which is not attracted 
squarely to either face, but comes in laterally between 
guides. Another of Froment's equalizers, or diatrihu- 
tors, consists of a parallel motion attachment for the 
armature, so that obliq^ue approach may take place, 
without actual contact. Ilere (Fig. 68) is another me- 
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I .chanical method of equalizing devised by Froment, and 
d by Le Itoux. You know the Stanhope lever, the 
object of which ia to transform n weak force along a 
considerftble range into a ]io"wei'fiii force of short range. 
Here we nee it backward. The urniature itself, which 




ia attracted with a powerful force of short range, ia at- 
tached to the lower end of the Stanhope lever, and the 
arm attached to the knee of the lever will deliver a dis- 
tributed force over quite a different range. One way, 
not of equalizing the actual motion over the range, but 
of counterbalancing the variable attractive force, ia to 
mploy a spring instead of gravity to control the arma- 
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ture. So far back as 1838, Edward Davy, in one of his 
telegraphic patents, described the use of a spring (Fig. 
C9) to hold back the armature. Davy preceded Morse 
in the use of a spring to pull back the armature. There 
is a way of making a spring act against an armature 
more stiffly as the pull gets greater. In this method 
there is a spring with various set screws set up against 




Fio. 70.— Robert Houdin's Equalizes. 

it, and which come into action at different ranges, so as 
to alter the stiffness of the spring, making it virtually 
stiffer as the armature approaches the poles. Yet an- 
other method is to employ, as the famous conjurer Robert 
Houdin did, a rocking lever. Fig. 70 depicts one of 
Robert Houdin^s equalizers. The pull of the electro- 
magnet on the armature acts on a curved lever which 
works against a second one, the point of application of 
force between the one anr'. the other altering with their 
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position. When the armature is far away from the 
pole, the leverage of the first lever on the second lever 
is great. When the armature gets near, the leverage of 
the first lever on the second is comparatively small. 
This employment of the rocking lever was adopted from 
Houdin by Duboscq, and put into the Duboscq arc lamp, 
where the regulating mechanism at the bottom of the 
lamp contains a rocking lever. Here upon the lecture 
table is a Duboscq arc lamp. In this pattern (Fig. 71), 




Fia. 71.— Mechanism op Duboscq's Arc Lamp. 



one lever. By which is curved, plays against another. Ay 
which is straight. A similar mechanism is used for 
equalizing the action in the Serrin arc lamp, where one 
of the springs that holds up the jointed parallelogram 
frame is applied at the end of a rocking lever to equalize 
the pull of the regulating electromagnet. In this lamp 
there is also introduced the principle of oblique approach; 
for the armature of the electromagnet is not allowed to 
travel straight toward the poles of the magnet, but is 
pulled up obliquely past it. 
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Another device for equalizing the pull was used by 
Wheatstone in the step-by-step telegraph in 1840. A 
hole is pierced in the armature, and the end of the core 
is formed into a projecting cone, which passes through 
the aperture of the armature, thereby securing a more 
equable force and a longer range. The same device has 
reappeared in recent years in the form of electromagnet 
used in the Thomson-Houston arc lamp, and in the 
automatic regulator of the same firm. 

POLARIZED mechanism: USES OF PERMANENT 

MAGNETS. 

We must now turn our attention to one class of elec- 
tromagnetic mechanism which ought to be carefully 
distinguished from the rest. It is that class in which, 
in addition to the ordinary electromagnet, a permanent 
magnet is employed. Such an arrangement is generally 
referred to as a polarized mechanism. The objects for 
which the permanent magnet is introduced into the 
mechanism appear to be in different cases quite differ- 
ent. I am not sure whether this is clearly recognized, 
or whether a clear distinction has even been drawn be- 
tween three entirely separate purposes in the use of a 
permanent magnet in combination with an electromag- 
net. The first purpose is to secure unidirectionality of 
motion; the second is to increase the rapidity of action 
and of sensitiveness to small currents; the third to aug- 
ment the mechanical action of the current. 

{a.) Unidirectionality of Motion, — In an ordinary elec- 
tromagnet it does not matter which way the current 
circulates; no matter whether the pole is north or 
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Bouth, the armatnrB is pulled, and on reversing the cur- 
rent the armature is also pulled. There is a rather 
curious old experiment which Sturgeon and Ilenry 
showed, that if yon have an electromagnet with a big 
weight hanging on it, and yon suddenly reverse the 
current, you reverse the magnetism, hut it still holds 
the weight up; it does not drop. It has not time to 
drop before the miignet is charged up again with mag- 
netic lines the other way on. Whichever way the mag- 
netism traverses the ordinary soft iron electromagnet, 
the armature is pulled. But if the armature is itself a 
permanent magnet of steel, it will he pulled when tho 
oles are of one sort, and pushed when the poles are 
— that is to say, by employing a polarized mt/in- 
!wre you can secure unidirectionality of motion in cor- 
K^rospondence with the current. One immediate iipplica- 
. of this fact for telegraphic purposes is that of 
Anplex telegraphy. You can send two messages at the 
le time and in the same direction to two different 
1 of instruments, one set having ordinary eleetro- 
r 'magnets, with a spring behind the armature of soft iron, 
wtich will act simply independently of the direction of 
the current, depending only on its strength and dura- 
tion; and another set having el ectromngn eta with polar- 
d armatnres, which will he affected not hy the strength 
le current, but hy the direction of it. Accord- 
■, two completely different sets of meesiiges may be 
mt through that line in the same direction at the same 

ler mode of constnieting a polurized device is to 
he cores of the eiectromaimet to a steel m.ir— ot. 
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wliiuh imparta to them an initial magnetizatioD, Sach 
initially mugnetizi'd electromagnets were used by Brett 
in 1848 and by Hjorth in 1850. A patent for a similar 
device was applied for in 1870 by Sir William Thomson 
and refused by the Patent Office. In 18T1 S. A. Varlej 
patented an electromagnet liaving a core of steel wires 
united at their ends. 

Wheatstone used a polarized apparatus consisting of 
an electro miignet acting on a magnetized needle. He 
patented, in fact, In 1846, the use of a needle perma- 
nently miignetized to be attracted one way or tbe other 
between the poles of an electromagnet, Stnrgeon had 
described the very same device in the Annals of Eleo- 
tricily in 1840. Gloesner claims to have invented the 
Buhstitution of permanent magnets for mere armaturea 
in 1842. In using polarized apparatus it is necessary to 
work, not with a simple current that is turned off and 
on, but with reversed currents. Sending a current one 
way will make the moving part move in one direction; 
reversing the current makes it go over to the other side, 
The meclianism of that purticular kind of electric bell 
that ia used with magneto-electric calling apparatus 
furnishes an excellent example of a polarized construc- 
tion. With these bells no battery is used; but there is 
a little alternate current dynamo, worked by a crank. 
The alternate currents cause the pivoted armature in 
the bell to oscillate to right and left alternately, and so 
throw the little hammer to and fro between the two 
bells. 

(&,) liapidity and Sensitiveness of Action. — For relay 
work polarized relays are often employed, and have been 
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\ for many years. Here on. the table is one of tbe poat- 
office pattern ot standard relay, having a steel magnet 
to give magnetism permanently to a little tongue or 

' armature which moves between the poles of an electro- 
magnet that dot'S the work of receiving the signals. In 
tluB particular case the tongue of the polarized relay 
works between two stops, and the range of motion is made 
very small in order that the appiiratus may respond to 
very small currents. At first sight it is not very appar- 
ent why putting a permanent magnet into a thing should 
make it any more sensitive. Why should permanent 
magnetism secure rapidity of working ? Without know- 
ing auytliing more, inventors will tell you that the pres- 
ence of a permanent magnet increases the rapidity with 
which it will work. You might suppose that perma- 
nent magnetism is something to be avoided in the cores 
of your working electromagnets, otherwise the arma- 
tures would remain stuck to the poles when once they 
had been attracted up. Kesidual magnetism would, in- 
deed, hinder the working nnlesa you have bo arranged 
matters that it sliail be actually helpful to you. Now 
for many years it was supposed that permanent mag- 
netism in the electromagnet was anything but a source 
of help. It was supposed to be an unmitigated nnisance, 
to be got rid of by all available means, until, in 1855, 
Hughes showed us how very advantageous it was to have 
permanent magnetism in the cores of the electromag- 
net. Here {Fig. 61), is tlie drawing of Hughes' magnet 
to which I referred in Lecture III. A compound per- 
manent magnet of horseshoe shape is provided with coils 
on its pole-pieces, and there is a short armature on the 
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top attacbed to a pivoted leyer and a counteracting 
Spring. The function of this arrangement is as follows: 
That spring is so set as to tend to dotach the armature, 
tut the permanent magnet has j'nst enough magnetism 
to hold the armature on. You can, by screwing up a 
little screw behind the spring, adjust these two con- 
tending forces, so that they are in the nicest possible 
balance; the armature held on by the magnetism, and 
the spring jnst not able to pull it off. If, now, when 
these two actions are so nearly balanced yon send an 
electric current round the coils, if the electric current 
goes one way round it just weakens the magnetism 
enough for the spring to gain the yictory, and up goes 
the armature. This appanitns then acts by letting the 
armature off when the balance is upset by the electric 
current; and it is capable of responding to extremely 
small cnrrents. Of course, the armature hue to be put 
on again mechanically, and in Hughes' type-writing 
telegraph instruments it is put on mechanically between 
each signal and the nest following one. The arrange- 
ment constitutes a distinctive piece of electromagnetic 

(c.) Augmenting Mefltanical Action of Current. — The 
third purpose of a permanent magnet, to secure a greater 
mechanical action of the varying current, is closely 
hound up with the preceding purpose of securing sen- 
sitiveness of action. It is for this purpose that it is used 
in telephone receivers; it increases the mechanical ac- 
tion of the current, and therefore makes the receiver 
sensitive. For a long time this was not at all 
clear to me, indeed I made experiments to see how far 
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it was due to any variation in tlie magnetic ptrmeability 
of iron iit tiifierent stages of magiietizutioii, for I found 
that this had somettiing to do witli it, hut I was quite 
sure it was not all. Prof. George Forbes gave nje 
the clue to the true explanation; it lies in the law of 
traction with which you are now familiar, that tlie pull 
between a magnet and its armaturo is proportional to 
the square of the number of magnetic lines that come 
into action. If we take N> the number of magnetic 
lines that are acting through a given area, then to the 
square of that the pull will be proportional. If we 
have a certain number of linos, N> corning permanently 
to the armature, the pull is proportional to N °. Sup- 
pose the magnetism now to be altered — say made a little 
more; and the increment be called rfH; so that the 
whole, number is now N+f^N- The pull will now be 
proportional to the square oi that quantity. It is evi- 
dent that the motion will he proportional to the diSer- 
ence between the former pull and the latter pull. So 
we will write out the square of N+rfH and the square 
of N and take the difference. 



Increased pull, proportional to 
Initial pull, proportional to 
Subtracting; difference ia 

We may neglect the lust term, 



NH3N(/N+f?N=; 

2 HdH+dH \ 
as it is small com- 



pared with the other. >So we have, finally, that the 
change of pull is proportional to 2 N'/N- The altera- 
tion of pull between the initial magnetism and the 
initial magnetism with the additional magnetism we 
^ faftve given to it turns out to he proptrrtional not simply 
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to the change of maguutiam, but also to the iiiitiHl num- 
ber N] that goes through it to begin with. The more 
powerful the pnll to begin with, the greater is the 
change of pull when you produce ti small change in the 
number of magnetic lines- That is why jou have this 
greater BonsitivenesB of action when using Hughes' elec- 
tromagnets, and greater meclumical effect ati the result 
of applying permanent magnetism to the electromagnets 
of telephone receivers. 

ELECTROMAOSETIC MECHANISM. 

There are some other kinds of electromagnetic mech- 
anism to which I must briefly invite yonr attention 
as forming an important part of this great subject. 
Of one of these the mention of permanent magnets re- 
minds me. 



MOVING COIL IN PERMANENT MAGNETIC FIELD. 

A coil traversed by an electric current experiences 
mechanical forces if it lies in a magnetic field, the force 
being proportional to the intensity of the field. Of this 
principle the mechanism of Sir Wm, Thomson's siphon 
recorder ia a well-known example. Also those galva^ 
nometers which have for their essential part a movable 
coil suspended between the poles of a permanent mag- 
net, of which the earliest example is that of Robertson 
("Bncycloptedia Britannica," ed. viii., 1855), and of 
which Maxwell's suggestion, afterward realized by d'Ar- 
' Bonval, is the most modem, Siemens has constructed 
^ relay on a simikr plan. 
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MAGNETIC ADHERENCE. 

There are a few curious pieces of apparatus devised 

for increasing adherence electromagnetically between 
two things. Here is an old device of NicklSs, who 
thought he would make a new kind of rolling gear. 
Whether it was a railway wheel on a line, or whether it 
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was going to be an ordinary wheel gearing, commnni- 
cation of motion was to be made from one wheel to an- 
other, not by cogs or by the mere adherence of ordinary 
friction, but by magnetic adherence. In Fig. 73 there 
are shown two iron wheels rolling on one another, with 
a sort of electromagnetic jacket around them, consisting 
of an electric current circulating in a coil, and causing 
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them to attract one another and stick together with 
mugnetic adherence. In Nickli's' little book on the 
Hubject there are a great niiinber of devices of tiiia kind 
described including a magnetic brake for braking rail- 
way wagons engines and carriages, applying electro- 
rojgnetH eithir to the ivlieela or else to the line, to stop 
the motion whenever deairt.d. The notion of using 
an electromagnctiL brake has been revived quite recently 
m I mui^h better form bj Prof, Geo. Forbes and Mr. 

^ Timmis, whose particular 

^^-;;;^g^^^^ form' of electromagnet, 

KJ^ '~^^=^ .-^f^ shown in Fig. 73, is pecu- 

^i hiirly interesting, being a 

better design than any I 

have ever seen for securing 



L^ 



^-L_ 






i^^ powerful magnetic traction 
for a given weight of iron 
ET jind copper. The magnet 
IS a peculiar one; it is rep- 
resanted Lere as cut awuy to show the internal con- 
struction. There is. a sort of horwesboe made of one 
grooved rim, the whole circle of coil being laid imbed- 
ded in the groove. The armature is a ring which is 
attracted down all round, so that you have an extremely 
compact magnetic circuit around the copper wire at 
every point. The magnet part is attached to the frame 
of the wagon or carriage, and the ring-armature is at- 
tached to the wheel or to its axis. On switching ou the 
electric current the rim is powerfully pulled, and braked 
against the polar surface of the electromagnet, 

Forbes' arrangement appears to be certainly the best 



LECTURES ON THE ELECTROMAGNET. 2T3 

yet thought of for patting a magnetic brake to the 
wheels of a raiiway train. 

Another, but quite distinct, piece of mechanism de- 
pending on electromagnetic adherence is the magnetic 
clutch employed in Giilcber's arc lamp. 



REPULSION MECHANISM. 

Then there are a few pieces of mechanism which de- 
pend on repulsion. In 1850 a little device was patented 
by Brown and Williams, consisting, as shown in Fig. 





74, of an electromagnet which repelled part of itself. 
The coil is simply wound on a hollow tube, and inside 
the coil is a piece, B, of iron, bent «8 the segment of a 
cylinder to fit in, going from one end to the other. 
Another little iron piece. A, also shaped as the segment 
of a tube, is pivoted in the axis of the coil. When 
these are magnetized one tends to move away from the 
other, they being both of the same polarity. Of late 
there have been many ampere-meters and voltmeters 
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made on this plan of producing repulsion between the 
parallel cores. 

Here (Fig. 75) is another device of recent date, due to 
Maikoff and De Kabath. Two cores of ir.on, not quite 
parallel, pivoted at the bottom, pass up through a tubu^ 
lar coil. AVhen both are magnetized, instead of attract- 
ing one another, they open out; they tend to set them- 
selves along the magnetic lines tlirough that tube. The 
cores, being wkle open at the bottom, tend to oper also 
at the to]). 

ELECTROMAGNETIC VIBRATORS. 

Then there is a large class of mechanisms about which 
a whole chajiter might be written, namely, those in 
which vibration is maintained electromagnetically. The 
armature of an electromagnet is caused to approach and 
recede alternately with a vibrating motion, the current 
being automatically cut off and turned on again by a 
self-acting brake. The electromagnetic vibrator is one 
of the cleverest things ever devised. The first vibrat- 
ing electromagnetic mechanism ever made was exhibited 
here in this room in 1824 by its inventor, an English- 
man named James Marsh. It consisted of a pendulum 
vibrating automatically between the poles of a perma- 
nent magnet. Later, a number of other vibrating de- 
vices were produced by AVagner, Neef, Froment, and 
others. Most important of all is the mechanism of the 
common electric trembling bell, invented by a man 
whose very name appears to be quite forgotten — John 
Mirand. How many of the millions of people who use 
electric bells know the name of the man who invented 
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them ? John Mirand, in the year 1850, put the electric 
bell practically into the same form in which it has been 
employed from that day to this. The vibrating ham- 
mer, the familiar push-button, the indicator or annun- 
ciator, are all of his devising, and may be seen depicted 
in the specification of his British patent, just as they 
came from his hand. 

Time alone precludes me from dealing minutely with 
these vibrators, and particularly with the recent work 
of Mercadier and that of Langdon-Davies, whose re- 
searches have put a new aspect on the possibilities of 
harmonic telegraphy. Langdon-Davies' rate governor 
is the most recent and perfect form of electromagnetic 
vibrator. 

INDICATOR MOVEMENTS. 

Upon the table here are a number of patterns of elec- 
tric bells, and a number also of the electro-mechanical 
movements or devices employed in electric bell work, 
some of which form admirable illustrations of the vari- 
ous principles that 1 have been laying down. Here is 
an iron-clad electromagnet; here a tripolar magnet; 
here a series of pendulum motions of various kinds; 
here is an example of oblique pull; here is Jensen's in- 
dicator, with lateral pull; here is Moseley's indicator, 
with a coil-and-plunger, iron -clad; here is a clever de- 
vice in which a disc is drawn up to better the magnetic 
circuit. Here, again, is Thorpe's semaphore indicator, 
one of the neatest little pieces of apparatus, with a sin- 
gle central core surrounded by a coil, while a little strip 
of iron coming round from behind serves to complete 
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the circuit all save a little gap. Over the gap stands 
that which ia to be attracted, a flat disc of iron, which, 
when it is attracted, UDlatches another disc of brass 
which forthwith falls down. It ia an extremely effect- 
ive, very sensitive, and very iuexpenalve form of annun- 
ciator. The next two are pieces of polarized mechaniBin 
having a motion directed to one side or the other, ac- 
cording to the direction of the current. From the 
backboard projects a small straight electromagnet. 
Over it is pivoted a small airched steel magnet, perma- 
nently magnetized, to wbich is attached a small signal 
lever bearing a red disc. If there is a current flowing 
one way then the miignet that straddles over the pole of 
the electromagnet will be drawn over in one direction. 
If I now reverse the current the electromagnet attracts 
the other pole of the curved magnet. Hence this 
mechanism allows of an electrical replacement without 
compelling the attendant to walk up to the indicator 
hoard. The polarized apparatus for indicators has this 
advantage, that you can have electrical as distinguished 
from mechanical replacement. 

THE STUDY Oi' ELECTROMAGNETIC HECHANI8U. 

The rapid surrey of electromagnetic meehaniBms in 
general has necessarily been very hurried and imperfect. 
The study of it is just as important to the electrical 
engineer us ia the study of mechanical mechanism to 
the mechanical engineer. Incomplete as is the present 
treatment of the subject, it may sufficiently indicate to 
other workers useful lines of progress, and so fitly he 
appended to these lectures on the electromagnet. lu a 
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f few years we msiy expect the introduction into all 
mgineering siiops of eleciroTnagnetic tools. On a 
Kifmall 8cule, for driving dental applifinces, electroraag- 
Inetic engines liave long been used. Large machine 
■.tools, elect rem agnetically worked, have already began 
Kta make their appearance. Some such were eliowu at 
>4be Crystal Palace, in 1881, by Mr. Latimer Clark, and 
T.Biore recently Mr. Rowan, of Glasgow, hws devised a 

nnmher of more dereloped forma of electromagnetic 

tools. 

N OF SPARKING. 



It now remains for me to speak briefly of the sup- 
pression of sparks. There are some half-dozen differ- 
ent ways of trying to get rid of the sparking that occurs 
in the breaking of an electric circuit whenever there 
are electromagnets in that circuit. Many attempts bare 
been made to try and get rid of this evil. For instance, 
one inventor employs an air blast to blow out the spark 
jaai at the momeot it occurs. Another cnuses the spark 
to occur under a liquid. Another wipes it out with a 
brush of asbestos cloth that comes immediately behind 
the wire and rubs out the spark. Another puts on a 
condenser to try and store up the energy. Another tries 
to put on a long thin wire or a high resistance of liquid, 
or something of that kind, to prOTide an alternate path 
for the spark, instead of jumping across the air and 
burning the contacts. There exist some half-score, at 
any rate, of that kind of device. But there are devices 
that T have thought it wortli while to examine and ex- 
periment upon, because they depend merely upon the 
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inodn of construction adopted iii the building of the 

eleotromuguet, ami they hnTe each their own qualities. 
I hdve here five straight eleetromagnets, all wound ou 
I bohbins the auiue size, for which we shall use the same 
' Iron core tkiid the same current for all. They are all 
mitde. not only with bobbins of the same size, but their 
ooils consiat as nearly as possible of the same weight of 
wire. The first ono is wound in the ordinary way; the 
(tecond one liiis a Bheutli of copper wound round the in- 
terior of the bobbin before any wire is put on. This 
WU8 II device, I believe, of the late Mr. C. F. Varley, and 
ie also used in the field magnets of Brush dynamoa. The 
function of the eopper sheath is to allow induced cur- 
rent to occur, which will retard the fall of magnetism, 
and damp down the teudeucy to spark. The third one 
is an attempt to carry out that principle still further. 
This is due to an American of the name of Piiiue. and 
hiis been revived of late years by Dr. Aron, of Berlin, 
After winding each layer of the ooiJ, a sheath of metal 
foil is interposed so as to kill the induction from layer 
to layer. The fourth oue is the best device hitherto 
used, namely, that of differential winding, having two 
coils connected so that the current goes opposite ways. 
"When equal cnrrents flow in both circuits there is no 
magnetism. If yon break the circuit of either of the 
two wires the core at onoe becomes magnetized. You 
get magnetism on breaking:, yo" destroy magnetism on 
making the circuit; it is just the inverse case to that 
of the ordinary electromagnet. There the spark occurs 
when rauguetism disivppears, but here, since the mag- 
iietism disappears when you make the circuit, you do 
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not get any spark at make, because the circuit is already 
made." You do not get any at break, because at break 
there is no magnetism. The fifth and last of these elec- 
tromagnets is wound according to a plan devised by Mr. 
Langdon-Davies, to which I alluded in the middle of 
this lecture, the bobbin being wound with a number of 
separate coils in parallel with OTie another, each layer 
being a separate wire, the separate ends of all the layers 
being finally joined up. In this case there are 15 sepa- 
rate circuits; the time-constants of them are different, 
because, owing to the fact that these coils are of differ- 
ent diameters, the coefficient of self-induction of the 
outer layers is rather less, and their resistance, because 
of the larger size, rather greater than those of the inner 
layers. The result is that instead of tlie extra current 
running out all at the same time, it runs out at differ- 
ent times for these 15 coils. The total electromotive 
force of self-induction never rises so high and it is un- 
able to jump a large air-gap, or give the same bright 
spark as the ordinary electromagnet would give. We 
will now experiment with these coils. The differential 
winding gives absolutely no spark at all, and second in 
merit comes No. 5, with the multiple wire winding. 
Third in merit comes the coil with intervening lavers 
of foil. The fourth is that with cop2)er sheath. Last 
of all, the elcf^tromagnet with ordinary winding. 

CONCLUSION. 

Now let me conclude by returning to my starting- 
point — the invention of the electromagnet by William 
Sturgeon. Naturally you would be glad to see the 
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c^juntcrfeit presentment of the features of so remark- 
able a man, of one so worthy to be remembered among 
diMtinguished electricians and great inventors. Your 
diHaii{)ointment cannot be greater than mine when I 
tell you that all my efforts to procure a portrait of the 
decreased inventor have been unavailing. Only this I 
have been able to learn as the result of numerous in- 
quiries; thaifan oil-painting of him existed a few years 
ago in the possession of his only daughter, then resident 
in Manchester, whose address is now, unfortunately, 
unknown. But if his face must remain unknown to us, 
we shall none the less proudly concur in honoring the 
memory of one whose presence once honored this hall 
wherein wo are met, and whose work has won for him 
an imperishable nam&. 
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Helmholtz, law regarding inter- 
rupted currents, 8 



2S4 



IKDfiX. 



Henry's first experiments, 27 
HjOrth's electromagnet, 2^4 

polarized magnets, 2KX 
Hopkinson, curves of magnetization, 
65 

design of dynamos, 13 

maximum magnetization, 72 

measurement of permeability, 
59, G3 
Horseshoe electromagnet, 49 
Houdin's equalizer, 262 
Hughes, distance between poles, 194 

magnetic balance, 59 

polarized magnet, 267 

printing telegraph magnets, 104, 
196 
Hunt, range of action of electromag- 
nets, 224 
Hysteresis, 75 

viscous, 77 

IRON-CLAD electromagnet, 50, 78, 
laS, 135 
range of action, 249 
Iron, magnetic qualities aflPected by 
hammering, rolling, etc., 77 
maximum magnetization of, 92 
permeability of, 92 
permeability of, compared with 

air, 85, 118 
the magnetic properties of, 54, 56 

JENSEN'S electromagnet, 191 
indicator, 275 
Joints, effect of, on magnetic reluc- 
tance, 155 
Joule, experiment with Sturgeon's 
magnet, 20 
lamination of cores, 207 
law of mutual attraction, 40 
law of traction, 100 
length of electromagnet, 94 
magnetic saturation, 56 
maximum magnetization, 72 



Joule, maximum power of an. elec- 
tromagnet, 11 

range of action, 225 

researches, 89, 81 

results of traction experiment**, 
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tubular cores, 158 

T7"A.PP, design of dynamos, 13 
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Keeper, effect of position on tractive 
power, 78 
effect of removing suddenly, 78, 
202 
Kirchhoff, measurement of permea- 
bility, 59 
Krizik, coned and cylindrical plung- 
ei-s, 247 

LANGDON-DAVIES' rate gover- 
nor, 275 
suppression of sparking. 279 
Laplace, two magnetic fluids, 9 
Law of inverse squares, 18, 78, 110, 
112, 226, 251 
a point law, 111 

apparatus to illustrate, 118, 115 
defined. 111 
Law of the electromagnet, 78 
Law of the magnetic circuit, applied 
to traction, 87 
as stated by Maxwell, 88 
explanation of S3rmbols, 82 
Law of Helmholtz, 209 
Law of traction, 71, 100, 101, 102 

verified, 90 
Leakage of magnetic lines, 85, 1 8, 

110, 112, 129 
Leakage reluctances, 148 
Lemont, law of the electromagnet, 78 
Lenz, magnetism of long bars, 151 
Leupold, winding for range of ac- 
tion, 248 
Lines of force, 11, 55 
Lyttle's i>atent for winding, 184 
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MAGNETIC adherence, ^1 
balance of Prof. Hughes, 59 
brake, 272 

centre of gravity, 112, 113 
circuit, 10,11, 12, 13,47 

application of, in dynamo de- 
sign, 12, 13 
for greatest traction, 97 
formulae for, 86, 87, 101, 102 
tendency to become more 

compact, 123, 204 
various p>arts of, 49 
conductivity, 10, 11, 83 
field, action of, on small iron 

sphere, 255 
flux, calculation of, 83, 164 
gear, 271 
insulation, 84 
leakage, 13 

calculation of, 122, 161 
calculation of coefficient, 168 
coefficient of, *' v," 145 
due to air-gaps, 120, 144 
estimation of, 144, 150, 169 
measurement of, 137 [193 
proportional to the surface, 
relation of, to pull, 139 
memory, 172, 221 
moments, 13, 87, 158 
output of electromagnets, 185 
permeability, 11, 54, 83 
polarity, rule for determining, 51 
pole of the earth, 113 
reluctance, calculation of, 83, 95. 
165 
of divided iron ring, 117 
of iron ring, 117 
of waste and stray field, for- 
mulae for, 146, 150 
resistance, 12, 82 
saturation, 47, 56, 58 
shunts, 13 
Magnetism, free, 9 

of long iron bars, 151 
Magnetization and magnetic traction, 
ta.bular data, 89 



Magnetization, calculation of, 161, 164 

defined, 87 

internal, 9, 54 

internal distribution of, 63, 78, 138 

of different materials, 57 

surface, 9, 13, 48 
Magnetometer, 114 
Magneto-motive force, 11, 12, 81 

calculation of, 82, 83 
Maikoff and De Kabatb, repulsion 

mechanism, 274 
Marsh, first vibrating mechanism, 274 

vibrating pendulum, 16 
Maxwell, galvanometer, 270 

law of the magnetic circuit 
stated, 88 

law regarding circulation of al- 
ternating currents, 8 

magnetic conductivity, 11 
Mirand, inventor of the electric bell, 

274 
Mitis metal, magnetization of, 72 
Moirs experiments, 22, 34 
Moseley's indicator, 275 
Mttller, law of the electromagnet, 73 

magnetism of long bars, 152 

measurement of permeability, 58 

NEEF, vibrating mechanism, 274 
Newton's signet ring load- 
stone, 100 
Nickl^s, classification of magnets, 
188 
distance between limbs of horse- 
shoe magnets, 158 
distance between poles, 194 
length of armatures, 158 
magnetic brake, 272 
magnetic gear, 271 
traction affected by extent of 

polar surface, 104 
tubular cores, 158 

OBLIQUE approach, 258, 263 
Oersted's discovery, 16 
Ohm's law, 8, 12, 26, 81, 209 
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PAGE, electric motor, 256 
sectioned coils, 256 
electromagnetic engine, 223 
Paine, sheath for magnets, 278 
Permanent magnets contrasted with 
electromagnets, 199 
uses of, 264 
Permeability, calculation of, 163 

methods of measuring, 58 
Permeameter, 70 
Permeance, of telegraph instrument 

magnets, 150 
Perry, magnetic shunts, 13 
Pfaff, tubular cores, 158 
Plungers, coned vs. cylindrical, 247 

of iron and steel, 244 
Point poles, 114, 115 

action of single coil on, 230 
Poisson, two magnetic fluids, 9 
Polar distribution of magnetic hnes, 
137 
region, defined, 112, 113 
Polarized apparatus for indicators, 
276 
mechanism, 264 
Pole-pieces, convex versus flat, 79, 104 
Dub''s experiments with, 126 
Du Moncel's experiments witli, 

132 
effect of position on tractive 

power, 79 
effect on lifting power, 78 
on horseshoe magnets, 198 
Poles, effect of distance between, 194 

flat vs. pointed, 125, 127 
Preece, self-induction in relays, 218 
winding of coils, 184 

Radford's electromagnet, 46 
Range of action of electromag- 
nets, 224, 225, 248 
Rate governor, 275 
Reluctance, 12, 82 
Repulsion mechanism, 273 
Residual magnetism, 67 



Resistance of electromagnet and 
battery, 186 

of insulated wire, rule for, 176 
Ritchie, magnetic circuit, 10 

steel magnets, 172 
Roberts' electromagnet, 46 
Robertson, galvanometer, 270 
Roloff 's electromagnet, 254 
Romershausen,iron-clad electromag- 
net, 135 
Rowan, electromagnetic tools, 277 
Rowland, analogy of magnetic and 

electric circuits, 12 

first statement of the law of the 
magnetic circuit, 81 

magnetic permeability, 11 • 

maximum magnetization, 72 

measurement of permeability, 
59, 63 
Ruhmkoi-ff's electromagnet, 204 

e SATURATION, curve of, 153 
^ distribution of, 138 
effect of, on permeability, 118 
Schweigger's multiplier, 16, 28 
Sectioned coils with plunger, 266 
Self-induction, effect of, 217 

in telegraph magnets, 214, 218 
Siemens, differential coil-and-plung- 
er, 250 
relay, 270 
Siphon recorder, 270 
Smith, plunger electromagnet, 253 
Sparking, suppression of, 277 
Steel, magnetization of, 58 

permeability of, 61 
Stephenson, electric motors not 

practicable, 225 
Stevens and Hardy, plunger electro- 
magnet, 252 
Stowletow, measurement of permea- 
bility, 59 
Sturgeon, biographical sketch, 17 
experiments on bar magnets, 125 
experiments on leakage, 122 
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sturgeon, first description of electro- 
magnet, 7, 17 

magnetic circuit, 10 

polar extensions, 132 • 

polarized apparatus, 266 

portrait wanted, 279 

tubular cores, 158 
Sturgeon's apparatus lost, 20 

first electromagnet, 18 

first experiments, 20 
Surface magnetism, 108, 109 

riUME-CONSTANT of electric cir- 
J- cuit, 211, 213, 216, 218 
Thomas, wire gauge table, 178 
Thomson (Elihu), electromagnetic 

phenomena, 208 

(J J.), on effect of joints, 155 

(Sir Wm.), current meters, 255 

polarized magnets, 266 

range of action, 225 

rule for winding electromagnets, 
183 

siphon recorder, 270 

winding galvanometer coils, 257 
Thorpe's semaphore indicator, 275 
Traction, formula for, 98 

in terms of weight of magnet, 98 
Tractive power of magnets affected 
by surface contact, 135, 151 

integral formula for, 89 
Tr^ve, iron wire coil, 248 
Tubular coils, action of, on a unit 
pole, 232 

attraction between, 243 

winding of, 256 
Two magnetic fiuids, doctrine of, 9 
Tyndall, range of action, 225 

"VT ARLEY, copper sheath for mag- 
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net coils, 278 



electromagnet, 202 
irun-clad electromagnet, 188 



Varley, polarized magnets, 266 
Vaschy, coefficients of self-induc- 
tion, 218 
Vibrators, 274 

Vincent, application of magnetic cir- 
cuit in dynamo design, 12 
Viscous hysteresis, 77 
Von Feilitzsch, plungers of iron and 
steel, 244 
magnetism of long bars, 152 
measurement of permeability, 59 
tubular cores, 158 
Von Koike, distribution or magnetic 

lines, 137 
Von Waltenhofen, attraction of two 
tubular coils, 243 

WAGENER'S electromagnet, 204 
Wagner, vibrating mechan- 
ism, 274 
Walmsley, magnetic reluctance of 

air, 148 
Wheatstone, Henry's visit to, 38 
equalizer for telegraph instru- 
ment, 264 
oblique approach, 259 
polarized apparatus, 266 
Winding a magnet in sections, 256 
calculation of, 95, 173, 183, 190 
coils in multiple arc, 258 
differential, 278 

effect of, on range of action, 248 
for constant pressure and for 

constant current, 182 
iron vs. copper wire, 202 
of tubular coils, 256 
position of coils, 193 
size of coils, 191 
thick versus thin wire, 78 
wire of graduated thickness, 257 
Wire gauge and amp^reage table, 

178 
Wrought iron, magnetization of, 56, 
64,65 



